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Abstract 16 

Robust amphiprotic-konjac glucomannan/chitosan (AP-KGM/CS) aerogels were 17 

prepared by modification of KGM with carboxymethyl and quaternary ammonium 18 

groups, and then cross-linked with chitosan. The adsorption performance of AP-19 

KGM/CS aerogels on the anionic dyes everacid Orange N-G (C.I. Acid Orange O56), 20 

cationic dyes methylene blue (MB) and heavy metal ions (Pb2+, Cu2+, Cd2+) were 21 

investigated. The open porous structure of the aerogel has a significant effect on 22 

maintaining the structural stability of aerogel and promoting the diffusion and transfer 23 

of pollutants to ensure adequate contact between pollutants and adsorption sites. The 24 

adsorption equilibrium of anionic dye O56 and cationic dye MB was reached within 25 

300 min, and the saturated adsorption capacities were 267 mg/g and 348 mg/g, 26 

respectively. Besides, the adsorption equilibrium of single metal ions Pb2+, Cu2+, and 27 

Cd2+ was reached within 120 min, and their saturated adsorption capacities were 469 28 

mg/g, 254 mg/g and 144 mg/g, respectively. Moreover, under the competitive 29 

adsorption of three heavy metal ions, the equilibrium adsorption time of Pb2+, Cu2+, and 30 

Cd2+ in the mixed solutions (each with a concentration of 600 mg/L) was 240 min, 150 31 

min and 70 min, respectively, and their saturated adsorption capacities were 318 mg/g, 32 

184 mg/g and 94 mg/g, respectively. 33 

Keywords: Konjac Glucomannan; Chitosan; Hybrid Aerogels; Heavy metal ions 34 

removal; Dye absorption 35 
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Introduction 37 

Water is of major importance to the survival and development of human society. 38 

Water pollution has become a serious problem since the industrialization began in the 39 

18th century. Currently, shortage of clean water has become a global crisis and the 40 

problem keeps worsening (Ahmad and Danish, 2018). Among different types of water 41 

pollutants, heavy metal contamination is mainly caused by indiscriminate discharge of 42 

industrial waste water, which brings direct or indirect hazards to the human living 43 

environment (Bacelo et al. 2016; Chuah et al. 2005; Ngah et al. 2011; Tang et al. 2010; 44 

Zhang et al. 2016). Heavy metal ions are mainly from the mining, metallurgy, chemical, 45 

electronics, leather, paper and other industries. The excessive dependence on coal, oil 46 

and other fuels, chemical fertilizers, pesticides has worsened the problems related to 47 

heavy metal contamination. Metal ions are very stable in water, and are not easily 48 

degraded by biological methods. In some cases, they may even be converted into more 49 

toxic chemical form, causing serious harm to biological and human health (Zhao et al. 50 

2010). The pollutants manifested as a long-term damage to the biological nervous 51 

system, the digestive system, urinary system cells, organs, skin and bone; its 52 

consequences and effects are extremely serious and far-reaching (Kim et al. 2012). 53 

Therefore, heavy metal pollution has become one of the most serious environmental 54 

problems in the world and the treatment of heavy metal wastewater has attracted much 55 

attention in recent years(Aragay et al. 2011; Ge et al. 2018; Li et al. 2019).  56 

In order to effectively remove these heavy metal ions, a variety of remedial 57 

techniques have been developed, including ion exchange, coagulation sedimentation, 58 



membrane filtration, reverse osmosis, adsorption and so on (Bethke et al. 2018; Hu  et 59 

al. 2008; Liu et al. 2017; Miao et al. 2017). Among them, adsorption technology is one 60 

of the most promising strategies due to its wide range of adaptability, ease of handling, 61 

relatively low cost and the availability of different adsorbents (Liu et al. 2019; Wu and 62 

Zhao 2011). Various adsorbents have been studied for the removal of heavy metal 63 

contaminants from aqueous solutions, including activated carbon, zeolites, minerals 64 

(clays), molecular sieves, and other inorganic nanomaterials (Ding et al. 2016; Mao et 65 

al. 2017; Wang et al. 2016). However, these adsorbents generally have a low removal 66 

ability, slow capture ability, separation difficulties, secondary environmental pollution, 67 

and poor recoverability, which greatly hamper their practical application. To improve 68 

the efficiency of the wastewater treatment process, new adsorbent materials are needed 69 

that are environmentally friendly, efficient and inexpensive (Liu et al. 2018). Such 70 

necessity becomes increasingly urgent as the environmental pollution problems become 71 

more and more serious in recent year (Dehghani et al. 2016; Tahmasebi et al. 2015). 72 

Modified adsorbents, based on modification of a wide range of raw materials, are able 73 

to offer several advantages such as low prices, good reproducibility and 74 

biodegradability, therefore they represent a promising direction for the development of 75 

adsorbent materials (Zhang et al., 2017). Konjac Glucomannan (KGM) is a natural 76 

polymer, which is abundant, low cost, and possesses good adsorption capacity. It has 77 

been used in various ways to construct composite aerogel adsorbents recently (Si et al. 78 

2016; You et al. 2018). 79 



KGM is a high molecular weight water-soluble non-ionic polysaccharide that is 80 

linked by D-glucose and D-mannose at a molar ratio of 1: 1.5 to 1.7 and β-1, 4 and β-81 

1, 3 glycosidic bonds (Katsuraya et al. 2003). Compared with other polysaccharide 82 

compounds, KGM has been widely used in food, packaging, coatings, biomedical field 83 

due to its attractive physical and chemical properties (Chen et al. 2017). However, 84 

natural KGM has the disadvantages of poor rheology, poor stability in aqueous solution, 85 

easy degradation and short storage life. KGM microspheres are formed under near-86 

neutral conditions and would rapidly expand in water. All these shortcomings have 87 

limited its wide application. In order to improve the physical and biological properties 88 

of KGM, certain methods have been used to modify KGM (Wang et al. 2011). Some 89 

researchers have grafted the functional groups on KGM for absorption of tannins, 90 

copper, lead, cadmium and other heavy metal ions in water (Huang et al. 2011). There 91 

are also some reports on the preparation of in vitro antibacterial materials based on 92 

modified KGM (Zhu et al. 2015). 93 

Based the above discussion, there exists a need for low cost, high performance and 94 

recyclable adsorbents. Therefore, it is of great theoretical and practical significance to 95 

develop advanced adsorbents that are effective and easy to regenerate or dispose. A 96 

high performance adsorbent should have a large specific surface area, enrichment of 97 

functional groups and porous structure (Werber et al. 2016). In order to meet these 98 

requirements, we have designed and prepared new KGM aerogels with extremely high 99 

density of carboxyl and amino bifunctional groups. 100 

Experimental section 101 



Materials: KGM (viscosity ≥ 15000 mpa.s) was provided by Suzhou Branch of 102 

Biological Technology Co., Ltd. Isopropanol, Copper (Ⅱ) chloride dehydrate, Lead 103 

chloride, Cadmium chloride and NaOH were provided by Jiangsu powerful functional 104 

Chemical Co., Ltd. Chloroacetic Acid was provided by Shanghai Titan Technology Co., 105 

Ltd. 3-Chloro-2-hydroxypropyltrimethylammonium Chloride was purchased from 106 

Suzhou Branch with the biomedical Technology Co., Ltd. HCl (36-38%) was obtained 107 

from Soochow University experimental material supply center. Ethanol was provided 108 

by Jiangsu powerful functional Chemical Co., Ltd. Acid dyes everacid Orange N-G 109 

(C.I. Acid Orange 56) was obtained from Everlight Chemical Industry, Taiwan. 110 

Methylene Blue was purchased from Sinopharm Chemical Reagent Co., Ltd. All 111 

chemical reagents are analytical-grade and used as received without further purification. 112 

Preparation of CMKGM: 15 g of KGM and 50 mL of Isopropyl alcohol were put into 113 

a three-necked flask equipped with a stirrer and a condensing unit, and 12 mL of 45% 114 

aqueous solution of sodium hydroxide was added gradually while stirring at 50°C, and 115 

then the mixture was stirred for 2 h. After 12 mL of 80% monochloriacetic acid was 116 

added, the mixture was continuously stirred for 4 h and then filtered. The filtrate was 117 

washed with 60, 70, 80 and 100 wt% 15 mL ethanol solutions consecutively to remove 118 

impurities. The filtrate was vacuum-dried at 60°C and milled to get the desired 119 

CMKGM. 120 

Preparation of CTA-CMKGM: 10 g of CMKGM and 50 mL of isopropanol was 121 

placed in a three-necked flask equipped with a stirrer and a condensing unit, and 5 mL 122 

of 45% sodium hydroxide aqueous solution was gradually added while stirring at 50 °C, 123 



and the mixture was stirred for 1 h. Then 16 mL of 60% 3-chloro-2-124 

hydroxypropyltrimethylammonium chloride solution was added and the mixture was 125 

stirred continuously for 3 hours and then filtered. The filtrate was washed with 60%, 126 

70%, 80% and 100 wt% 15 mL ethanol solutions consecutively until the solution was 127 

neutral. The filtrate was dried in a vacuum oven at 60°C for 12 h and ground to obtain 128 

the desired CTA-CMKGM. 129 

Preparation of amphiprotic KGM aerogels: 1.4 g of AP-KGM was dispersed in 25 130 

mL of deionized water while 0.6 g of chitosan was added to 25 mL of glacial acetic 131 

acid solution (4 wt.%). The dissolved chitosan solution was then added slowly to obtain 132 

AP-KGM dispersion, and the mixture was added into a concentration of 2.5% (Huang 133 

et al. 2018) glutaraldehyde solution. After that, the solution was stirred for a period of 134 

time and reacted at 50°C water bath for 1 h to make it cross-linked. Finally it was placed 135 

into a cryogenic freezer refrigerator (-80°C) frozen for 4 h to obtain the AP-KGM/CS 136 

aerogels. 137 

Adsorption of dyes and monometal ions: The adsorption of amphiprotic KGM 138 

aerogel (100 mg) to dyes and metal ions with contacting time from 10 to 600 min was 139 

investigated. The initial concentration of metal ions is 200 mg/L and the test was carried 140 

out at room temperature. The effect of concentration (25-1000 mg/L) was investigated 141 

with the same amount of adsorbent. The adsorption capacity Qe (mg/g) was determined 142 

according to the equation (1): 143 

Qe = (C0-Ct) × V/m (1) 144 



where C0 (mg/L) is the initial solution concentration, and Ct is the solution 145 

concentration at time t, V (L) is the volume of solution and m (g) is the mass of 146 

adsorbents. 147 

Multiple metal ions competitive adsorption experiment: Multiple metal ions 148 

competitive adsorption experiment was performed by following the same procedure 149 

with the monometal experiment. Specifically, the adsorption capacity was investigated 150 

in a range from 10 to 600 min using 100 mg of aerogel as adsorbent. The initial 151 

concentration of each metal ions was 600 mg/L, and experiment was carried out at room 152 

temperature. 153 

Characterization: Fourier transform infrared (FTIR) spectra were recorded on a 154 

Nicolet 5700 Fourier transform infrared spectrophotometer equipped with a single 155 

reflection attenuated total reflectance (ATR) system at a scan range of 4000-400 cm-1. 156 

The microstructure and elemental information of the aerogels were investigated using 157 

a TM3030 scanning electron microscopy equipped with an energy-dispersive X-ray 158 

spectroscope (EDX). A Kratos Axis-Ultra HSA X-ray photoelectron spectrometer 159 

(XPS) was used to examine the chemical composition with a 100 W AlKα X-ray source 160 

and a base pressure of 4 ×10-9 mbar. The concentrations of metal ions were measured 161 

using a Thermo Scientific ICAP 6000 DUO inductively coupled plasma atomic 162 

emission spectroscopy. The UV-vis spectra was recorded on a UV-Vis-NIR 163 

Spectrophotometer (Cary 5000, Agilent) at room temperature with a wavelength range 164 

from 200 to 800 cm-1. The concentration of dye was determined according to the 165 

maximum absorbance of the solutions. 166 



Results and discussion 167 

Herein, we report a novel amphiprotic carboxymethyl Konjac 168 

Glucomannan/chitosan (KGM/CS) hybrid aerogel with a 3D intensive network, 169 

utilizing the modified Konjac Glucomannan cross-linked with chitosan (Fig. 1). 170 

Cationic carboxyl groups and anionic quaternary ammonium groups were grafted onto 171 

KGM to obtain high-performance adsorbent for water remediation application. In 172 

addition, chitosan could strengthen the mechanical strength as well as hydrophilicity of 173 

the functional KGM frameworks (Plamper F A and W Richtering, 2017).  174 

175 

Figure 1. Schematic illustration of the synthesis of AP-KGM/CS aerogel. 176 

The microscopic morphology of KGM powder presented a smooth surface with a 177 

few wrinkles (Fig. S1 a-c). Fig. S1 (d-f) show the surface morphology of konjac 178 

glucomannan after carboxymethylation modification. A large number of micro-nano 179 

pores were uniformly distributed on the surface. With further grafting of CTA, the 180 

surface of the as-synthesized AP-KGM was rougher, and more micropores and 181 

nanopores appeared, which has resulted in the increases of specific surface area (Fig. 182 

S1 g-i). By cross-linking AP-KGM with chitosan and a 3D AP-KGM/CS aerogel was 183 

synthesized, it can be found that such a cylindric aerogel can easily stand on the top of 184 

dandelion due to its light weight (Fig. 2a). Fig. 2b-e show SEM pictures of the as-185 



prepared AP-KGM/CS aerogels with mass ratios (AP-KGM/CS) of 5:5, 6:4, 7:3, and 186 

8:2. These aerogels showed a three-dimensional highly porous network structure, and 187 

with the increase of AP-KGM component, the pore size of aerogel increased gradually. 188 

When the mass ratio of AP-KGM/CS was 7:3, the pore size of AP-KGM/CS aerogel 189 

was uniform, constructing a higher porous network.    190 

191 

Figure 2. (a) Optical picture of AP-KGM/CS aerogel standing on the top of dandelion. 192 

(b-e) SEM images on the AP-KGM/CS aerogels with different mass raios. Scale bar is 193 

200 μm.  194 

Fig. 3a shows the FT-IR spectra of AP-KGM, CS, and AP-KGM/CS aerogels. AP-195 

KGM showed a C-N vibration peak at 1320 cm-1, which indicates that the quaternary 196 

ammonium group had been grafted onto CM-KGM. After the chitosan was introduced, 197 

characteristic absorption peaks of amide I band (σC=O) and amide II band (δN-H) at 198 

1638 cm-1 and 1563 cm-1 was observed from CS and AP-KGM/CS aerogel, respectively 199 

(Pillai et al. 2009). Fig. S2 shows the FT-IR spectra of the KGM, CM-KGM and the 200 



AP-KGM. Compared with the C=O stretching vibrations of KGM at 1650 cm-1, the 201 

C=O band of CM-KGM shifted to 1602 cm-1 corresponding to the carboxyl group (-202 

COO). Moreover, the peak of carboxyl group (-COO-) appeared at 1420 cm-1, 203 

suggesting that the carboxymethyl group was grafted onto KGM. 204 

The elemental state of CTA/CM-KGM was further analyzed by X-ray 205 

photoelectron spectroscopy. Fig. 3b-d show the high-resolution electron spectra C1s of 206 

CM-KGM and AP-KGM, AP-KGM/CS. Compared with CM-KGM, the XPS spectrum 207 

of AP-KGM showed a new peak at 285.5 eV corresponding to C-N bands, indicating 208 

that CTA was grafted onto konjac glucomannan. After the hybridization with the CS, 209 

intensity of C-O peak decreased and C-N peak increased significantly. This indicates 210 

that AP-KGM has been successfully linked with CS and formed a stable network.   211 

212 



Figure 3. (a) FT-IR spectra of AP-KGM, CS, AP-KGM/CS. High resolution C1s 213 

spectrum of (b) CM-KGM, (c) AP-KGM, and (d) AP-KGM/CS.  214 

Fig. 4a shows the compressive strength of AP-KGM/CS aerogels at different mass 215 

ratios. The compressive strength of AP-KGM/CS aerogel firstly increased and then 216 

decreased slightly. When the mass ratio of AP-KGM/CS is 7:3, the compressive 217 

strength of the corresponding aerogel reaches the maximum (5.2 kPa). This is because 218 

AP-KGM is used as a framework material in the preparation of aerogel, and chitosan 219 

plays a role in the shaping. AP-KGM with higher strength can improve the mechanical 220 

strength of aerogel, when the mass ratio of KGM/CS reached 8:2, the amount of 221 

chitosan was too small, resulting in poor formability of the aerogel and decreased 222 

connection of the networks. The AP-KGM/CS aerogels were immersed into wastewater 223 

and the hydrogels can still maintain 3D network as well as the porous structure after 224 

stirring in water for one week (Figure 4d). Long-chain molecules of AP-KGM were 225 

intertwined due to the presence of chitosan that has endowed the double framework 226 

with good adhesion. This has ensured the hydrogels with a high integrity and can 227 

withstand the shearing force in water (Dai et al. 2015). 228 

Fig. 4b shows the thermogravimetric curves of KGM, CS, AP-KGM and AP-229 

KGM/CS aerogels. There was a minor weight loss below 250 °C, mainly due to 230 

evaporation of the surface-adsorbed water. The rapid decomposition temperatures 231 

occurred at approximately 360 °C, 352 °C, 340 °C and 336 °C, respectively. Thus the 232 

initial thermal stability of chitosan is the best. At 600 °C, the residues of KGM, CS, 233 

AP-KGM and AP-KGM/CS aerogel were about 16.1%, 36.7%, 25.6% and 27.2%, 234 



respectively. The thermal stability of KGM has been greatly improved after the 235 

chemical modification, and the thermal stability of AP-KGM/CS aerogel with chitosan 236 

cross-linked was further improved.  237 

The pH value has a great influence on the adsorption capacity of the adsorbent. 238 

Different pH values lead to protonation or deprotonation of the adsorbent surface and 239 

thereby change the surface electrical properties of the adsorbent as well as affect its 240 

adsorption performance (Yu et al. 2017). The isoelectric points of AP-KGM hydrogels 241 

occurred when the pH of water solution was adjusted to 4.1 (Fig. 4c). The surfaces of 242 

the hybrid hydrogels are negatively charges as a result of the ionization of oxygen-243 

containing groups when pH > 4.1. The as-prepared hydrogels would have better 244 

adsorption ability of metal ions in alkaline conditions.  245 

246 



Figure 4. (a) Compression strength of the aerogels under diverse mass ratios. (b) 247 

Normalized remaining mass of KGM, CS, AP-KGM, and AP-KGM/CS. (c) Zeta 248 

potential of AP-KGM/CS as a function of pH values. (d) The morphology of AP-249 

KGM/CS after stirring one week, scale bar is 100 μm. 250 

To demonstrate the effect of pH value on the adsorption performance of Pb2+, Cu2+251 

and Cd2+ onto AP-KGM/CS, we carried a series of adsorption tests with the same initial 252 

concentrations under treatment with 8 h and pH values of pollution solution were 253 

adjusted from 2.0 to 6.0. As shown in the Fig. 5a, the adsorption of Pb2+, Cu2+ and Cd2+254 

increased with increased pH value in general. This is because in the pollution solution 255 

of a lower pH, the surface adsorption sites on the adsorbent are mainly occupied by 256 

hydronium ions, the concentration of hydronium ions decreased with the increase of 257 

pH, and the coulomb repulsion between adsorbed heavy metal ions and hydronium ions 258 

decreased (Zhu et al. 2015). Therefore, the adsorption performance gradually increased 259 

with increasing pH. In addition, Fig. 5d shows the changes on the adsorption of the dyes 260 

O56 and MB by the AP-KGM/CS aerogel when the pH of the solution gradually 261 

increased from 2 to 12. Among them, the adsorption of dye O56 by AP-KGM/CS 262 

aerogel increased rapidly when the pH was from 2 to 5: the maximum capacity reached 263 

was 312 mg/g when pH was around 5. However, as the pH increased further from 5 to 264 

12, the amount of the O56 adsorbed onto AP-KGM/CS aerogel continued to decrease. 265 

The main reason lies with the protonation and deprotonation of the adsorbent and the 266 

surface active groups of the contaminants. Dye O56 exists as an anion in an acidic 267 

environment and as a cation in an alkaline environment. The hydronium ion is greatly 268 



reduced when pH was less than 5, and the adsorption sites on the surface of the 269 

adsorbent were greatly increased, which promoted the adsorption of O56. On the other 270 

hand, when the pH value was increased from 5 to 12, the surface gradually became 271 

negatively charged. The surface of the adsorbent was occupied by a large amount of 272 

OH-, and electrostatic repulsion with the dye caused a decreased adsorption amount. In 273 

general, the adsorption ability of AP-KGM/chitosan is comparable to that of many 274 

aerogel-based adsorbents reported previously (Table S1). As shown in figure S3, there 275 

was no obvious morphological changes after metal ions absorption and separation. 276 

Adsorption kinetics is an important part of the adsorption process. It reflects the 277 

time required for the adsorbent to reach the adsorption equilibrium (Crini G and P M 278 

Badot, 2008). Fig. 5b shows the adsorption of heavy metal ions as a function of time 279 

by AP-KGM/CS aerogel. The adsorption of Pb2+, Cu2+ and Cd2+ reached the adsorption 280 

equilibrium within 120 min. Fig. 5e shows the adsorption of dyes as a function of time 281 

by AP-KGM/CS aerogel. The adsorption equilibrium of dyes O56 and MB was 282 

achieved within 300 min. The adsorption efficiency of AP-KGM/CS aerogel for heavy 283 

metal ions was significantly higher than that for dyes, mainly because the dye molecules 284 

are macromolecules and are much larger than that of metal ions, thus a lower diffusion 285 

rates. The adsorption curves of metal ions and dyes fit well with a pseudo-first order 286 

kinetic model:  287 

ln (qe − qt) = ln (qe) − k1t     (2) 288 

where Qe (mg/g) represents the equilibrium adsorption capacity of the adsorbent, Qt289 

(mg/g) the adsorption amount at the time t (min), k1 (min-1) the rate constant of the 290 



second-order kinetic equation. The correlation coefficients (R²) of the fits are close to 291 

1. 292 

The equilibrium adsorption isotherm is used to analyze the type of interaction 293 

between the adsorbent and the adsorbate. Fig. 5b and 5e show the saturated adsorption 294 

of Pb2+, Cu2+, Cd2+, O56 and MB in AP-KGM/CS aerogels with different 295 

concentrations of contaminants when pH = 6. In the initial stage, the saturated 296 

adsorption capacity of AP-KGM/CS aerogel for heavy metal ions and dyes increased 297 

remarkably with the initial concentration of the pollutant solution, and then approached 298 

to the equilibrium state with the increases of initial concentration of the pollutant 299 

solution. The Langmuir isotherm model is adopted to fit with the experimental data: 300 

   1/Qe = (1/bQmax)(1/Ce) + 1/Qmax                             (3) 301 

where Ce (mg/L), Qe (mg/g), Qmax (mg/g), b (L/mg) are the concentration of pollutants, 302 

the amount of adsorption at the equilibrium, the maximum adsorption, and the 303 

Langmuir constant that represents the energy of the adsorption process, respectively. In 304 

the Langmuir model, the adsorption sites on the surface of the adsorbent are uniformly 305 

distributed as a single layer, and the adsorbed substances do not interfere with each 306 

other (Ho et al. 2002). 307 



308 

Figure. 5. (a, d) The adsorption capacity of Pb2+, Cu2+, Cd2+, MB, and O56 of AP-309 

KGM/CS under different pH values. (b, e) Adsorption isotherm curves of Pb2+, Cu2+, 310 

Cd2+, MB, and O56 of AP-KGM/CS, (c, f) Adsorption kinetics of Pb2+, Cu2+, Cd2+, MB, 311 

and O56 of AP-KGM/CS as a function of concentration. 312 

To further investigate the roles played by AP-KGM and CS on the adsorption of 313 

anionic dyes and heavy metal ions, we prepared AP-KGM/CS aerogel with different 314 

mass ratios for the adsorption of the anionic dye acid orange, cationic dye methylene 315 

blue (MB) and heavy metal ions (Pb2+, Cu2+, Cd2+) solutions. The adsorption capacity 316 

of the AP-KGM/CS aerogel for organic dyes and heavy metal ions at different mass 317 

ratios showed different trends (Fig. 6a). With the increases of the AP-KGM content, 318 

the complexation between carboxyl groups and heavy metal ions was enhanced, leading 319 

to increase adsorption capacity of heavy metal ions by the AP-KGM/CS aerogel. When 320 

the mass ratio of AP-KGM/CS was 6:4, the adsorption of dyes (O56 and MB) reached 321 

the maximum at 364 mg/g and 425 mg/g, respectively. However, for the heavy metal 322 



ions Pb2+, Cu2+ and Cd2+, the adsorption capacity kept increasing slowly with increasing 323 

AP-KGM concentration. When the mass ratio is 8:2, the adsorption capacity of AP-324 

KGM/CS aerogel to Pb2+ increased by 20% compared with the one with mass ratio of 325 

5:5. The regenerative property of the adsorbent is a very valuable factor in evaluating 326 

practicability of adsorbents (Ding et al. 2016). As shown in Fig. 6b, after five 327 

adsorption-desorption cycles of the AP-KGM/CS aerogel, the adsorption capacity of 328 

the adsorbents to the five pollutants only decreased slightly; more than 85% of the 329 

initial adsorption capacity was retained. The adsorption-desorption experiments of the 330 

AP-KGM/CS aerogel showed that AP-KGM/CS aerogel has excellent regeneration 331 

performance and AP-KGM plays an important role on adsorption process. 332 

333 

Figure 6. (a) The maximum adsorption capacities of AP-KGM/CS with different mass 334 

ratios to various pollutants. (b) Repeatability of as-prepared AP-KGM/CS aerogel after 335 

5 cycles of repeated adsorption-desorption. 336 

Adsorption is the result of a specific interaction between the adsorbent and the 337 

compound to be adsorbed. AP-KGM/CS aerogel exhibited a highly efficient adsorption 338 

to pollutants. The normalized remaining mass indicates that the pollutants@aerogel has 339 



a different decomposition trend with the initial aerogel (Fig. S4). The amine groups and 340 

the carboxyl groups are easily ionized, which makes the AP-KGM/CS aerogel 341 

polycationic, and thus interacts with anionic derivatives, such as some dyes, through 342 

electrostatic interaction. The weakening of the carboxyl groups and amine groups after 343 

interaction with heavy metal ions also confirmed our analysis (Fig. S5). Furthermore, 344 

non-ionized groups have free electron pairs on the nitrogen atoms and may interact with 345 

electron-poor chemicals such as cations (Zhao et al. 2011). Although hydroxyl groups 346 

contribute to the binding of heavy metals in some studies, it is now generally accepted 347 

that metal binding occurs primarily on the amine and carboxyl groups. The hydroxyl 348 

group substantially contributes to stabilizing the binding of the metal ions onto the 349 

amine groups and the carboxyl groups. These reactive groups can bind heavy metal ions 350 

through various mechanisms such as complexation, chelation, ion exchange, and 351 

electrostatic adsorption. Apparently, the unique three-dimensional porous structure, 352 

high specific surface area and abundant surface active groups of the AP-KGM/CS 353 

aerogel ensure the high adsorption performance in pollution treatment, especially for 354 

the solutions including heavy metal ions and dyes. 355 

    Considering that most wastewater solutions in practice contain polymetallic 356 

situation rather than single metal ions, the influence of the presence of the multiple-357 

cations on the adsorption capacity of the adsorbent is of great significance. Heavy metal 358 

adsorption not only depends on the properties of the adsorbent, but also on the nature 359 

of the metals involved and their competitive behavior on the adsorbent. In order to 360 

better understand the competitive adsorption behavior of Pb2+, Cu2+, and Cd2+ in multi-361 



component solutions throughout the adsorption process, the equilibrium adsorption 362 

isotherm were carried out. Fig. 7 shows the kinetic curves of Pb2+, Cu2+, and Cd2+363 

adsorption in mixed heavy metal solutions. The adsorption profiles of the three kinds 364 

of heavy metal ions followed the same trend. The adsorption kinetics of multi-365 

component heavy metal ions was almost the same as that of heavy metal ions in single-366 

component solution. The times for Pb2+, Cu2+, and Cd2+ to reach equilibrium adsorption 367 

were 240 min, 150 min, and 70 min, respectively. In addition, the equilibrium 368 

adsorption capacities were 318 mg/g, 184 mg/g and 94 mg/g, respectively. The 369 

adsorption capacity of AP-KGM/CS aerogel has a significant enhancement in contrast 370 

with the AP-KGM powder (Fig. S6), as a result of improvement of amine group 371 

contents, hydrophilicity, and unique 3D networks. The chemical composition of the 372 

mixed heavy metal ions onto the adsorbents was analyzed by EDS (Figure S6). The 373 

proportion of tri-metal ions on the AP-KGM/CS aerogel was in agreement with the 374 

adsorption kinetics. Compared with the amount of equilibrium adsorption of single 375 

component heavy metal ions, the equilibrium adsorption of Pb2+, Cu2+, and Cd2+376 

decreased by 32.2%, 27.6% and 34.7%, respectively. This mainly due to the limited 377 

adsorption sites in the adsorbent, which has led to the decrease.  378 



379 

Figure 7. The adsorption isotherm curves of tri-metal ions onto AP-KGM/CS as a 380 

function of concentration (a) and time (b). 381 

The results illustrate adsorption is in accord with the Langmuir isotherm model 382 

(Figure S7 and S8). When diverse metal ions compete for the same adsorption sites of 383 

adsorbents, metal ions with a lower affinity would be substituted by those with a greater 384 

affinity. According to the hydration radius of metal ions: Pb2+ (0.401 nm), Cu2+ (0.419 385 

nm) and Cd2+ (0.426 nm), Pb2+ is more likely to reach the surface and be adsorbed 386 

compared to the other two heavy metal ions. 387 

Conclusion 388 

In conclusion, we have fabricated the amphiphilic konjac glucomannan (AP-KGM) 389 

by chemical modification of KGM and its components containing both an anionic group 390 

and a cationic group. This unique amphoteric characteristic endows it with excellent 391 

adsorption ability to different types of pollutants. The konjac glucomannan was further 392 

used as the framework material, and chitosan was used as the shaping material to cross-393 

link with glutaraldehyde to prepare aerogels via vacuum freeze-drying technology. The 394 

AP-KGM/CS aerogel exhibited a 3D network, high specific surface area, high porosity, 395 



superior stability and abundant functional groups, which can be applied as a customized 396 

water remediation material. The saturated adsorption capacities of Pb2+, Cu2+, and Cd2+397 

in mixed solutions were 318 mg/g, 184 mg/g and 94 mg/g, respectively. Moreover, such 398 

versatile strategy presented here can be extended to other functional hydro-/aerogel 399 

materials for promising applications.  400 
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545 

Figure S1. The optical images and the high/low resolution surface morphology of (a-546 

c) KGM powder, (d-f) CM-KGM powder, (g-i) AP-KGM powder, and (j-l) AP-KGM 547 

aerogel.  548 

549 

Figure S2. The FT-IR spectrum of the KGM, CM-KGM, AP-KGM. 550 

551 



552 

Figure S3. The SEM images of the aerogel before and after separation of heavy metal 553 

ions.  554 

555 

Figure S3. Normalized remaining mass of initial aerogel and diverse pollutants on 556 

aerogels. 557 

558 



559 

Figure S4. FT-IR spectrum of initial aerogel and diverse pollutants on aerogels. 560 

561 

562 

Figure S5. The adsorption isotherm curves of tri-metal ions onto AP-KGM as a 563 

function of (left) concentration and (right) time. 564 



565 

Figure S6. EDS patterns and mapping of mixed heavy metal ions onto AP-KGM/CS 566 

aerogel. 567 

568 



569 

570 

Figure S7. Adsorption capacity of ap-kgm /CS aerogel on mixed heavy metal ions (a) 571 

corresponding quasi-first-order adsorption kinetic model (b) and quasi-second-order 572 

kinetic model (c). (d) the adsorption capacity of heavy metal ions of in a single 573 

component solution with different concentrations. 574 

575 

576 

577 



578 

Figure S8. (a) The adsorption capacity of AP-KGM/CS aerogel on mixed heavy metal 579 

ions, corresponding Langmuir adsorption isotherm model (b) and Freundlich 580 

adsorption isotherm model (c). (d) The adsorption capacity of heavy metal ions of in a 581 

single component solution with different concentrations. 582 

583 



584 

Table S1 Heavy metal ions and dyes removal efficiency comparison of aerogels  585 

Materials Heavy metal ions 

    (single, mg g-1) 

Dyes 

(mg g-1)

References 

PDA/rGA N.A. 89-360 Chem. Eng. J. 2013, 228, 468-481

PDA/rGA 100-320 N.A. ACS Appl. Mater. Interface 2013,

5, 425-432

α-FeOOH/rGA 139-374  N. A. ACS Nano 2012, 6, 2693-2703

4-HIFA 

(Indole aerogel) 

92-265 N. A. J. Mater. Chem. A 2019, 7, 531-

539 

Gelatin-based aerogel 61.2 64.31-86.67 Chem. Eng. J. 2019, 358, 1539-

1551 

Alginate/CNF aerogel 300.61 N. A. Cellulose 2019, 26, 903-916 

Waste paper/chitosan 

aerogel 

156.3 N. A. Carbohyd. Polym. 2018, 193, 221-

227 

AP-KGM/Chitosan 144-469 267-348 This work 
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