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ABSTRACT 17 

A facile one-step anhydride hydrolysis strategy was rationally designed to 18 

synthesize a novel dual-functionalized microporous organic network (MON-4COOH) 19 

with enriched naphthalene and carboxyl groups for efficient removal of cationic dyes. 20 

The pre-designed electrostatic, hydrogen bonding, π-π and hydrophobic interaction 21 

sites on MON-4COOH led to the complete removal of three typical cationic dyes 22 

methylene blue, malachite green and crystal violet (25 mg L-1 for each) within 20 23 

seconds and gave their maximum adsorption capacities of 2564, 3126 and 1114 mg g-1, 24 

respectively. The adsorption of these cationic dyes fitted well with 25 

pseudo-second-order kinetic and Langmuir adsorption models. The adsorption 26 

kinetics and capacities of these cationic dyes on MON-4COOH were much faster and 27 

higher than many other reported adsorbents. The negatively charged MON-4COOH 28 

also gave much faster adsorption kinetic and larger adsorption capacity for cationic 29 

(methylene blue, malachite green and crystal violet) dyes than anionic dye. The 30 

excellent flow-through water treatment ability and reusability also made 31 

MON-4COOH highly potential for the remediation of cationic dyes polluted water. 32 

This work provided a feasible way to design and synthesize of dual-functionalized 33 

MONs for efficient adsorption and elimination of environmental pollutants from 34 

water. 35 

Keywords: 36 

Microporous organic network; Dual-functionalized; Adsorption; Removal; Cationic 37 

dyes;  38 
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1. Introduction 39 

Water pollution has received increase attention due to the safety and scarcity of 40 

drinking water [1,2]. According to the World Bank report, the water-soluble organic 41 

dyes are considered to be the main contributors in water contamination [3]. The abuse 42 

and illegal discharge of organic dyes have caused serious environmental pollution and 43 

threat for human beings and aquatic life because the organic dyes are usually highly 44 

toxic, mutagenic, carcinogenic and hard to biodegrade [4-6]. Therefore, development 45 

of efficient and convenient methods for the removal and elimination of organic dyes 46 

from water are of extremely significant for environmental protection and drinking 47 

water safety [7-9]. 48 

The adsorption has been proven to be an attractive strategy for the elimination of 49 

organic dyes from water because of its high efficiency and simplicity [10]. The 50 

adsorbents play the dominant roles either for the selectivity or for the efficiency 51 

during the adsorption of organic dyes. The rational design and synthesis of efficient 52 

adsorbents to remove organic dyes from water have become an emergent and 53 

challenging topic. Until now, porous materials such as carbon nanotubes [11], layered 54 

double hydroxide [12], yolk-shell magnetic porous organic nanospheres [13], 55 

lignocellulose gels [14], magnetic grapheme oxide [15], polydopamine nanoparticles 56 

[16], metal-organic frameworks (MOFs) [17-20], covalent-organic framework [21], 57 

MWCNT/alumina composite [22] and silsesquioxane-based hybrid porous polymers 58 

[23-26] have been explored as advanced sorbents for efficient adsorption and removal 59 

of organic dyes. Development of novel adsorbents with large adsorption capacity and 60 
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fast adsorption kinetics is still quite desirable for the removal and elimination of 61 

organic dyes from water. 62 

Microporous organic networks (MONs), constructed via the Sonogashira 63 

coupling of alkynes and arylhalides, are a recent class of functional porous materials 64 

[27-29]. The good solvent and thermal stabilities, large surface area, designable 65 

structures and easy loading on other matrix made MONs potential in diverse areas and 66 

as advanced adsorbents for the efficient adsorption and removal of hazardous 67 

pollutants from water [30-34]. Aromatic benzene rings and ionic functional groups are 68 

usually included in organic dyes’ structures [4-6]. The π-π, hydrophobic, hydrogen 69 

bonding, metal coordination and electrostatic interactions are the possible adsorption 70 

mechanisms for the adsorption and removal of organic dyes from water [12-26]. 71 

Taking some of these factors into account when designing or modifying the 72 

adsorbents would largely improve their removal efficiency for organic dyes. 73 

MONs with conjugate networks may possess good hydrophobic and π-π 74 

interactions for organic dyes [35]. Incorporation of hydrogen bonding sites or ionic 75 

function groups within MONs’ networks would be a feasible way to improve their 76 

removal efficiency for organic dyes or hazardous pollutants [36-38]. For example, Liu 77 

et al reported the post-synthesis of a pyrimidine modified MONs for improving the 78 

adsorption efficiency of anionic dyes from water [36]. Our group also showed the 79 

fabrication of hydroxyl and amino functionalized MONs for enhancing their removal 80 

efficiency for tetrabromobisphenol A [37,38]. The carboxyl groups were served as 81 

prior binding sites or groups to cationic dyes [19,20]. The carboxyl-containing porous 82 
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materials such as MOFs and resins have been explored for the efficient adsorption and 83 

removal of cationic dyes [19,20,39]. Therefore, introduction of carboxyl groups along 84 

with hydrophobic sites into MONs’ networks may largely enhance their adsorption 85 

kinetic and removal efficiency for cationic organic dyes. However, the synthesis of 86 

carboxyl enriched MONs for cationic dyes removal has not been reported so far, not 87 

to mention the fabrication and application of dual-functionalized MONs for cationic 88 

dyes. Anhydride hydrolysis is a typical and commonly used reaction to prepare target 89 

acid or carboxyl functionalized materials. 90 

Herein, we report the facile synthesis of a novel dual-functionalized MON 91 

(MON-4COOH) for efficient removal of cationic dyes from water (Fig. 1). The 92 

naphthalene-contained and carboxyl-enriched MON-4COOH was easily synthesized 93 

using 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic dianhydride (DBTD) as the 94 

starting monomer. The anhydride groups within the DBTD can be hydrolyzed to 95 

provide multi-carboxyl groups within MON-4COOH under the basic synthesis 96 

condition to enhance the adsorption kinetics and removal efficiency for cationic dyes 97 

via electrostatic attraction and hydrogen bonding interaction. In addition, the 98 

naphthylene groups on networks can further enhance the π-π and hydrophobic 99 

interactions of MON-4COOH to the aromatic organic dyes. Based on the above 100 

predesigned interaction sites within the networks, the MON-4COOH gave fast 101 

adsorption kinetics and large adsorption capacities for three model cationic dyes 102 

methylene blue (MB), malachite green (MG) and crystal violet (CV), underling the 103 

great potential of MON-4COOH for the removal of cationic dyes and environmental 104 
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pollutants from water. 105 

2. Materials and methods 106 

2.1. Chemicals and reagents 107 

All chemicals and reagents used were at least of analytical grade. 108 

Bis(triphenylphosphine) palladium dichloride (Pd(Pph3)2Cl2, 98%), DBTD (98%) and 109 

2,6-dibromonaphthalene (98%) were obtained from TCI Co., Ltd. (Shanghai, China). 110 

Tetrakis(4-ethynylphenyl)methane (97%) was bought from Tongchuangyuan 111 

Pharmaceutical Technology Co. (Chengdu, China). Copper(I) iodide (CuI, 99.5%) 112 

was supplied by Aladdin Chemistry Co., Ltd. (Shanghai, China). Methylene blue (MB, 113 

80%), malachite green (MG, 98%), crystal violet (CV, 98%), acid brown 75 (AB75, 114 

98%), alizarin red (AR, 85%) and methyl orange (MO, 96%) were purchased from 115 

Heowns Biochemical Technology Co., Ltd. (Tianjin, China). HCl (ω, 36%), NaOH 116 

(98%), NaCl (95%) and toluene (98%) were obtained from Guangfu Co., Ltd. (Tianjin, 117 

China). The ultrapure water was bought from Wahaha Foods Co., Ltd. (Hangzhou, 118 

China). Ethanol (99.7%), methanol (99.9%), acetonitrile (99.7%), dichloromethane 119 

(99.5%), and triethylamine (99.5%) were purchased from Concord Co., Ltd. (Tianjin, 120 

China). 121 

2.2. One-step preparation of MON-4COOH 122 

Typically, CuI (8.8 mg), Pd(Pph3)2Cl2 (33.6 mg), toluene (30 mL) and 123 

triethylamine (30 mL) were placed in a 100 mL flask. After dissolving under 124 

ultrasonicating, DBTD (409 mg, 0.96 mmol) and tetrakis(4-ethynylphenyl)methane 125 

(200 mg, 0.48 mmol) were added. The suspension was magnetic stirred at room 126 
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temperature for 4 h to synthesize MON-4COOH. The pale brown powder was 127 

collected under centrifugation (8000 rpm, 5 min). The collected precipitate was 128 

thoroughly washed with dichloromethane and ethanol, and dried under vacuum 129 

overnight. The MON-NAP (a control MON without dianhydride groups) was 130 

prepared under the same procedures by using 2,6-dibromonaphthalene (275 mg, 0.96 131 

mmol) as the monomer. The MON, MON-COOH, and MON-2COOH were 132 

synthesized according to our reported methods [35,37]. 133 

2.3. Characterization of MON-4COOH 134 

The synthesized MON-4COOH was characterized with elemental analysis, solid 135 

13C nuclear magnetic resonance (13C NMR), thermogravimetric analysis (TGA), 136 

fourier transform infrared (FT-IR), Raman spectroscopy, N2 adsorption-desorption 137 

experiments, field emission scanning electron microscope (FE-SEM), water contact 138 

angle and Zeta potential evaluations. Elemental analysis was measured on vario EL 139 

CUBE analyzer (Elementar, Germany). The solid 13C-NMR data were measured on 140 

Infinityplus 300 (VARIAN, USA). The Raman spectrum was collected on laser 141 

confocal Raman spectrometer (InVia Reflex, UK). The TGA curve was recorded on 142 

PTC-10A analyzer (Rigaku, Japan). The FT-IR data were recorded on Nicolet 143 

AVATAR-360 (Nicolet, USA). N2 adsorption-desorption isotherms were recorded on 144 

ASAP 2010 micropore physisorption analyzer (Micromeritics, Nor-cross, GA, USA). 145 

The FE-SEM images were measured on Apreo LoVac (FEI, Czech). The water contact 146 

angle was tested on OCA150pro (Beijing, China). The Zeta potentials were performed 147 

on a Zetasizer Nano-ZS (Malvern, U.K.). The UV spectra were recorded on UV-3600 148 
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spectrophotometer (SHIMADZU, Japan). The X-ray photoelectron spectroscopy 149 

(XPS) was measured on Axis Ultra DLD (Kratos, Britain). 150 

2.4. Adsorption experiments 151 

The stock solution of three cationic dyes MB, MG, and CV (10000 mg L-1 for 152 

each), and an anionic dye MO (2000 mg L-1) were prepared by dissolving proper 153 

amount of dyes with ultrapure water. The stock solution was stepwise diluted with 154 

ultrapure water to prepare the working solution of each dye. 155 

The adsorption kinetics of four dyes on MON-4COOH were evaluated by 156 

dispersing 10 mg of MON-4COOH in 20 mL of target dye solution (initial 157 

concentrations of 25, 50 or 100 mg L-1) under vortex shaking. After adsorption for a 158 

pre-determined time (0-5 min for MG, MB and CV, and 0-120 min for MO) at room 159 

temperature, 1 mL of each solution was collected, filtered with 0.22 µm filter 160 

membrane, and measured with UV. Based on the concentrations of target dye before 161 

and after adsorption, the adsorption capacity (qt, mg g-1) at time t (s or min) can be 162 

calculated for the kinetics study based on the pseudo-second-order kinetic model (1) 163 

[35]: 164 
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where k2 (g mg-1 min-1) is the pseudo-second-order rate constant, qe (mg g-1) is the 165 

adsorption capacity at equilibrium. 166 

The adsorption isotherms were studied at the temperature range of 25-55 oC. Ten 167 

microgram of MON-4COOH was dispersed with 20 mL of the target dye solution. 168 

After maintaining at the specified temperature for 2 h, the suspention was filtered with 169 
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0.22 µm filter membrane and determined by UV. The Langmuir adsorption model was 170 

fitted according to equation (2) [37]: 171 
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where Ce (mg L-1) is the equilibrium concentration of target dye. qo (mg g-1) is the 172 

maximum adsorption capacity. The b (L mg-1) is a constant of the Langmuir 173 

adsorption model. 174 

Ten microgram of MON-4COOH was mixed with 20 mL of dye solution at 175 

diverse pH (3.0-10.0) or NaCl concentrations (0-50.0 mg L-1). After contacting for 2 h, 176 

the suspention was filtered and then measured with UV to explore their effects on 177 

adsorption. 178 

2.5. Dye polluted water sample treatment 179 

The solid phase extraction columns were fabicated to study practical use of 180 

MON-4COOH for dye polluted water samples. Briefly, 50 mg of MON-4COOH was 181 

loaded in a 3 mL empty solid phase extraction column (Thermo Scientific, USA) with 182 

both frits fixed. The dye polluted water sample (25 mg L-1) was then separately 183 

passed through the column at a flow rate of 2.0 mL min-1 with the aid of a FIA-3100 184 

flow injection analyzer (Beijing, China). The filtrate was then collected for UV 185 

analysis. 186 

3. Results and discussion 187 

3.1. Characterization 188 

The elemental analysis, solid 13C NMR, TGA, FT-IR, Raman spectrum, N2 189 

adsorption-desorption experiments, FE-SEM, Zeta potential and water contact angle 190 
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evaluations were used to characterize the obtained MON-4COOH (Fig. 2; Fig. S1-S2 191 

and Table S1). The chemical shifts of solid 13C NMR at 120-150, and 60-95 ppm were 192 

ascribed to the signals of benzyl carbon, aromatic ring and internal alkyne on 193 

MON-4COOH, respectively (Fig. 2a) [35]. The chemical shift at 150-170 ppm was 194 

assigned to the characteristic peak of carboxyl groups. The FT-IR data revealed the 195 

typical -OH and C=O peaks for carboxyl groups at about 3400 and 1700 cm-1, 196 

respectively (Fig. 2b) [40]. The characteristic stretching vibration of -C≡C-H and 197 

-C≡C- were located at 3200 and 2250 cm-1, respectively. The FT-IR peaks at 1500 and 198 

800 cm-1 were assigned to the stretching and bending vibration of aromatic rings on 199 

MON-4COOH. In addition, the peak at 3010 cm-1 was ascribed to the stretching 200 

vibration of C-H of aromatic rings. Raman spectrum also showed the typical 201 

characteristic peaks of -OH (3400 cm-1), C=O (1440 cm-1), C≡C (2450 cm-1) and C=C 202 

(1525 cm-1) for MON-4COOH [41] (Fig. S2). The elemental analysis revealed the O 203 

content of MON-4COOH was much higher than that of MON-NAP without 204 

dianhydride groups (Fig. S3-S4; Table S1). These results showed the successful 205 

synthesis of carboxyl-enriched MON-4COOH. The N2 adsorption-desorption 206 

isotherms showed the Brunauer-Emmett-Teller (BET) surface area of the 207 

MON-4COOH was 847 m2 g-1 (Fig. 2c). The pore size of MON-4COOH was about 208 

1.4 nm (Fig. S5). The TGA curve showed that the MON-4COOH was stable up to 320 209 

oC (Fig. 2d). The FE-SEM image revealed the spherical morphology of 210 

MON-4COOH with the size of about 400 nm (Fig. 2e). The MON-4COOH gave the 211 

water contact angle of 78o (Fig. 2f), which was much lower than that of MON-NAP 212 
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(145o; Fig. S4d), revealing the introduction of carboxyl groups onto MON-NAP’ 213 

networks can largely improve its hydrophilicity. The Zeta potential of MON-4COOH 214 

was -55.1 mV at pH=7, which was much lower than that of MON-NAP (-3.8 mV, Fig. 215 

S1). All these results revealed the facile and feasible anhydride hydrolysis strategy to 216 

synthesize carboxyl-enriched MON-4COOH. As all the four alkynyl groups on 217 

tetrakis(4-ethynylphenyl)methane can possibly couple to the Br atoms on DBTD via 218 

different coupling types (linear-substituted, ortho-substituted or quater-substituted), 219 

the exact chemical structure of the obtained product cannot be confirmed at the 220 

present stage. However, considering the characterization results and the steric 221 

hindrance effects, we assumed that the obtained MON-4COOH was probably the 222 

mixture of linear- and ortho-substituted polymers. 223 

3.2. Adsorption kinetics 224 

Three initial concentrations (25, 50 and 100 mg L-1) were selected to evaluate the 225 

adsorption kinetics of three typical cationic dyes MG, MB and CV on MON-4COOH 226 

(Fig. 3; Fig. S6-S10). The MON-4COOH showed fast adsorption kinetics for the 227 

studied cationic dyes. When the initial concentration of each dye was 25 mg L-1, the 228 

completely adsorption and removal were achieved within 10 seconds for MG and CV, 229 

as well as 20 seconds for MB (Fig. 3a-c). In addition, even at a high concentration of 230 

100 mg L-1, the adsorption equilibrium for all the studied cationic dyes was achieved 231 

and all the cationic dyes were fully removed within 3 min (Fig. 4; Fig. S6-S8), 232 

revealing the fast adsorption kinetics of MON-4COOH for cationic dyes. The 233 

adsorption capacity of these cationic dyes increased when their concentration 234 
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increased (Table 1), indicating the adsorption binding sites on MON-4COOH was 235 

sufficient for these cationic dyes and did not reach the saturation at these 236 

concentrations range [38]. The adsorption kinetics of the studied cationic dyes on 237 

MON-4COOH were faster than the previous reported adsorbents such as 238 

metal-organic frameworks, metallic oxides and carbon nanotubes et al [17-20], 239 

revealing the promise of MON-4COOH for fast removal of cationic dyes from water 240 

samples. 241 

To show the selectivity of the designed MON-4COOH for cationic dyes, an 242 

anionic dye methyl orange (MO) was chose for comparison (Fig. 3d). MON-4COOH 243 

showed much slower kinetic for the adsorption of anionic dye MO (Fig. 3d; Fig. S9) 244 

than cationic dyes MG, MB and CV, 3 min were needed to achieve the adsorption 245 

equilibrium for MO at 25 mg L-1. However, when the initial concentration of MO was 246 

100 mg L-1, an adsorption capacity of 155.5 mg g-1 was obtained on MON-4COOH 247 

(Fig. 4d), which also suggested the capability of MON-4COOH for the adsorption and 248 

elimination of anionic dye. The adsorption of the studied four organic dyes on 249 

MON-4COOH all fitted well with the pseudo-second-order kinetic model (Table 1; 250 

Table S2, Fig. S10). 251 

3.3. Adsorption isotherms 252 

Four temperatures at 25-55 oC were selected to study the adsorption isotherms of 253 

these four organic dyes on MON-4COOH (Fig. 5). The adsorption capacity for MB, 254 

MG and CV was constantly increased as the initial concentration and temperature 255 

increased, revealing higher concentration was favorable for their adsorption and the 256 
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adsorption process of these cationic dyes on MON-4COOH was endothermic [35]. 257 

The adsorption of these cationic dyes on MON-4COOH followed well with the 258 

Langmuir adsorption model, suggesting the monolayer adsorption procedure of 259 

MON-4COOH for cationic dyes (Fig. S11) [37]. The maximum adsorption capacity 260 

for MG, MB and CV was calculated to be 3126, 2564 and 1114 mg g-1, respectively 261 

(Tables S3-5), which was much higher than many other reported adsorbents like 262 

ZIF-8, metallic oxides and carbon nanotubes (Tables S6-8) and comparable to the 263 

maximum adsorption record of polydopamine nanoparticles (2896 mg g-1 for MB) [16] 264 

and ZIF-8@GO (3300 mg g-1 for MG) [17]. The maximum adsorption capacity of 265 

MON-4COOH for MG, MB and CV followed the order of MG > MB > CV. The 266 

molecular size of MG, MB and CV were 1.38 × 0.99 × 0.42, 1.26 × 0.77 × 0.65 and 267 

1.41 × 1.21 × 0.18 nm, respectively [24,26,42]. MG with larger molecular size than 268 

MB was preferred to adsorb on MON-4COOH. The results may be ascribed to the 269 

unique micropores of MON-4COOH at ∼1.4 nm, larger MG could enter and bind 270 

closer to the micropores, while smaller MB could enter and easily leave the pores. 271 

This phenomenon was also observed on previous reported silsesquioxane-based 272 

hybrid porous polymers [24,26]. However, CV with the larger or critical molecular 273 

size than that of MON-4COOH was unfavorable to enter into the micropores, leading 274 

to the lowest adsorption capacity among these three cationic dyes. In contrast, 275 

MON-4COOH only gave a maximum adsorption capacity of 455 mg g-1 for ionic dye 276 

MO (Table S9), which was lower than the cationic dyes, showing the good selectivity 277 

of MON-4COOH for cationic dyes. The adsorption capacity of MO on MON-4COOH 278 
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was much lower than other adsorbents such as Ni-Co-S/SDS and FH-CoAl (Table 279 

S10). In addition, the adsorption process of MO on MON-4COOH was exothermic. 280 

3.4. pH and ionic strength effects 281 

The MON-4COOH also gave good adsorption stability for the studied organic 282 

dyes in the pH range of 3-10 and the NaCl concentration below 50 mg L-1 (Fig. 283 

S12-S13). The results showed that small amount of NaOH or HCl gave little effect on 284 

the adsorption capacity of these organic dyes on MON-4COOH in this study. The MG, 285 

MB and CV mainly existed as undissociated or positively charged form at neutral or 286 

weakly basic conditions (Fig. S14), which were possibly for the formation of 287 

hydrogen bonding interaction or electrostatic attraction between cationic dyes and 288 

anionic MON-4COOH (Fig. S1). In contrast, the MO existed as negative charged at 289 

pH 4-10 (Fig. S14). The electrostatic repulsion between negatively charged MO and 290 

MON-4COOH should be a reason for the lower adsorption capacity of MON-4COOH 291 

for MO than the studied cationic dyes. The constant adsorption of these dyes on 292 

MON-4COOH also revealed hydrogen bonding interaction or electrostatic attraction 293 

was not the sole adsorption mechanism on MON-4COOH. 294 

3.5. Flow-through water treatment, desorption, and reusability 295 

The fast kinetic, large adsorption capacity and good adsorption stability prompt 296 

us to evaluate the flow-through water treatment ability of MON-4COOH for these 297 

four organic dye solutions (Fig. 6). A 50 mg dosage of MON-4COOH was loaded in a 298 

solid phase extraction column. The organic dye solution (25 mg L-1) was continuously 299 

passed through the MON-4COOH column at a flow rate of 2.0 mL min-1 via a flow 300 
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injection pump. MON-4COOH gave good flow-through water treatment ability for 301 

MG (Fig. 6). The concentration of MG in the eluate was very low even after treating 302 

900 mL of MG (Fig. S15), underling the potential of MON-4COOH for the treatment 303 

of MG polluted water. The flow-through water treatment volumes of MON-4COOH 304 

for MB, CV and MO were 500, 300 and 100 mL, respectively. 305 

The acetonitrile gave good desorption performance for MG from MON-4COOH 306 

(Fig. S16a). Most adsorbed MG was desorbed after three desorption cycles (Fig. 307 

S16b). There was no obvious decrease of the adsorption capacity for MG on 308 

regenerated MON-4COOH even after five reuse cycles (Fig. S17), indicating the good 309 

reusability of MON-4COOH for the studied organic dyes. As there are many 310 

conjugated aromatic benzene rings in MG structure, the organic solvent acetonitrile 311 

gave good desorption performance for MG from MON-4COOH. The good desorption 312 

of MG from MIL-100(Fe), PVP@CNTs-Cu2O and MOF-hybrid composite was also 313 

achieved with acetonitrile and other organic solvents such as methanol and ethanol 314 

[10,17,43]. In addition, the regenerated MON-4COOH presented the similar 315 

morphology, 13C NMR, BET surface area, and water contact angle to the fresh 316 

MON-4COOH (Fig. S18), suggesting MON-4COOH possessed good stability during 317 

adsorption. 318 

3.6. Adsorption mechanisms 319 

The possible adsorption mechanisms of MON-4COOH for these organic dyes 320 

were firstly elucidated by comparing the adsorption capacity of these dyes on MON, 321 

MON-COOH, MON-2COOH and MON-NAP (Fig. 7). The MON without 322 
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naphthalene and carboxyl groups showed lower adsorption capacity than other four 323 

adsorbents for the studied dyes, suggesting the key roles of naphthalene and carboxyl 324 

groups during the dye adsorption in this study. However, the MON still gave the 325 

adsorption capacity of 292, 661, 406, and 177 mg g-1 for MB, MG, CV and MO, 326 

respectively, showing the important roles of hydrophobic and π-π interaction between 327 

aromatic MON and organic dyes. The MON-NAP with naphthalene groups gave 328 

higher adsorption capacity than MON, further revealing the enhanced π-π and 329 

hydrophobic interactions of MON-NAP for organic dyes. The MON-COOH and 330 

MON-2COOH with carboxyl groups gave higher adsorption capacity than MON, 331 

confirming the significant roles of electrostatic attraction or hydrogen bonding 332 

interaction resulted from the carboxyl groups during the adsorption process. In 333 

addition, MON-4COOH with both naphthalene and carboxyl groups gave the largest 334 

adsorption capacities than other four adsorbents, proving the key roles of electrostatic 335 

attraction, hydrophobic and π-π interactions resulted from the incorporated 336 

naphthalene and carboxyl groups for the rapid adsorption and efficient removal of 337 

organic dyes from water. The much higher adsorption capacity of MON-4COOH for 338 

MG than MB and CV resulted from the differences of cationic dyes’ molecular sizes 339 

[26] and the better adsorption of MON-4COOH for MG than MB and CV at a high 340 

initial concentration of 2 mg mL-1. 341 

The hypothesis of electrostatic attraction between MON-4COOH and cationic 342 

dyes was elucidated in section 3.4. To further reveal the better selectivity of 343 

MON-4COOH for cationic dyes than anionic dyes, the adsorption of additional two 344 
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anionic dyes AB75 and AR on MON-4COOH was compared (Fig. S19). The 345 

adsorption capacity of cationic dyes (MB, MG and CV) was quite higher than anionic 346 

dyes (MO, AR and AB75) on MON-4COOH, highlighting the good selectivity of 347 

MON-4COOH for cationic dyes. 348 

The MON-4COOH before and after MG adsorption was further studied by XPS 349 

experiments to elucidate the possible binding sites on MON-4COOH during the 350 

adsorption (Fig. 8). The O1s peaks at 529.405 and 531.007 eV were assigned to the 351 

C=O and -OH groups on MON-4COOH, confirming the successful hydrolysis of 352 

DBTD to form -COOH groups on MON-4COOH [44-48]. These O1s peaks were 353 

shifted to 529.392 and 530.912 eV after the adsorption of MG, respectively, 354 

suggesting the proper interaction sites of -COOH groups to MG [44]. The C1s peaks 355 

at 288.762, 285.584 and 284.599 eV were assigned to the C signals of O=C-OH, 356 

aromatic and benzene groups on MON-4COOH, respectively [10,37,48]. The shifting 357 

of O=C-OH from 288.762 to 288.540 eV after MG adsorption also suggested the 358 

electrostatic attraction of MON-4COOH and MG [44]. In addition, the aromatic and 359 

benzene C1s peaks at 284.599 and 285.584 eV were moved to 284.578 and 285.397 360 

eV after the adsorption of MG, respectively, showing the proper π-π or hydrophobic 361 

interaction between aromatic MON-4COOH and MG [10,37]. These results suggested 362 

the important roles of electrostatic attraction, hydrophobic and π-π interaction 363 

between cationic dyes and MON-4COOH in the adsorption process. 364 

4. Conclusions 365 

In summary, we have reported a convenient and facile anhydride hydrolysis 366 
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strategy to synthesize a novel dual-functionalized MON-4COOH with enriched 367 

naphthalene and carboxyl groups for efficient removal of cationic dyes from water. 368 

The multiple and abundant interaction sites within MON-4COOH’s networks led to 369 

the fast kinetic and remarkable adsorption capacity for cationic dyes. The good 370 

flow-through water treatment ability also made MON-4COOH highly potential for the 371 

remediation of cationic dyes polluted water. This work provides a feasible way to 372 

design and synthesize functionalized MONs for efficient removal and elimination of 373 

environmental pollutants. 374 
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Figure Captions 552 

Fig. 1. Schematic illustration for the synthesis of MON-4COOH and its possible 553 

adsorption mechanisms for MG. 554 

Fig. 2. (a) Solid 13C NMR spectrum, (b) FT-IR spectra, (c) N2 adsorption-desorption 555 

isotherms, (d) TGA curve, (e) FE-SEM image and (f) water contact angle of the 556 

synthesized MON-4COOH. 557 

Fig. 3. UV spectra of (a) MG, (b) MB, (c) CV and (d) MO for different contact time 558 

on MON-4COOH. The insets show the filtrates of each dye (25 mg L-1) before and 559 

after adsorption on MON-4COOH. 560 

Fig. 4. Time-dependent adsorption of (a) MG, (b) MB, (c) CV and (d) MO on 561 

MON-4COOH at di‐erent initial concentrations. 562 

Fig. 5. Adsorption isotherms of (a) MG, (b) MB, (c) CV and (d) MO on 563 

MON-4COOH at di‐erent temperatures. 564 

Fig. 6. Flow-through water treatment pictures of MON-4COOH for MG (25 mg L-1). 565 

Fig. 7. Comparison of the adsorption capacity on diverse MON sorbents. 566 

Fig. 8. The XPS spectra of MON-4COOH before (a, b) and after (c, d) MG 567 

adsorption. 568 



Table 1 Pseudo-second-order kinetic parameters for the adsorption of MG, MB and CV on 

MON-4COOH. 

Dyes C0 (mg L-1) 
Parameters 

K2 (g mg-1 s-1) qe,cal (mg g-1) qe, exp (mg g-1) R2 

MG 

25 - 50.0 50.0 0.999 

50 9.8 × 10-3 101.4 100.0 0.999 

100 8.3 × 10-4 203.4 200.0 0.998 

MB 

25 4.0 × 10-2 50.2 50.0 0.999 

50 1.8 × 10-2 100.4 100.0 0.999 

100 1.2 × 10-3 203.6 200.0 0.999 

CV 

25 - 50.0 50.0 0.999 

50 3.2 × 10-2 100.2 100.0 0.999 

100 3.2 × 10-4 204.3 200.0 0.998 

 



















Highlights 

� MON-4COOH was facile synthesized for efficient removal of cationic dyes. 

� Completely adsorption of cationic dyes (25 mg L-1) was achieved within 20 seconds. 

� MON-4COOH gave qmax of 3126, 2564 and 1114 mg g-1 for MG, MB and CV, respectively. 



CRediT authorship contribution statement 

Li Xue: Conceptualization, Methodology, Investigation, Writing - Original 

Draft Cui Yuan-Yuan: Investigation Chen Ying-Jun: Validation Yang 

Cheng-Xiong: Conceptualization, Resources, Funding acquisition, 

Supervision, Project administration, Writing - Review & Editing Yan Xiu-Ping: 

Supervision. 



Declaration of Interest Statement 

The authors declare that they have no known competing financial interests or 

personal relationships that could have appeared to influence the work reported in 

this paper. 


