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8

Abstract9

During the past decades, heavy metal ions, especially hexavalent chromium10

[Cr(VI)], have substantially ravaged aquatic environment and human health. Thus, the11

development of new, more efficient, and environmentally friendly methods to tackle12

this problem becomes very urgent. In this study, a novel dendrimer13

poly(amidoamine)-grafted cellulose nanofibrils (PAMAM-g-CNFs) aerogel was14

synthesized for Cr(VI) removal. The morphology, structure and adsorption properties15

of the PAMAM-g-CNFs aerogel were investigated in detail. The results indicated the16

aerogel bore abundant functional groups with a bimodal pore structure and a high17

specific surface area, all of which are essential for an efficient adsorbent. The18

maximum Cr(VI) removal capacity of the aerogel reached 377.36 mg/g, the highest19

one ever reported for biosorbents. It was interesting to notice that part of Cr(VI) ions20

had been reduced to Cr(III) during the adsorption process, which meant21

PAMAM-g-CNFs could detoxify Cr(VI).22

23

Introduction24

Contamination by heavy metal ions gives rise to detrimental effects on the25

environment and human health. Among these hazardous heavy metal species,26

chromium (Cr) is one of priority pollutants in water resulting from numerous27

industrial activities.1Of the two most common oxidation states, Cr(VI) is known to be28
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highly toxic, mutagenic and carcinogenic to living organisms, whereas Cr(III) serves29

as a nontoxic substance and is an essential trace metal in human nutrition.2 Various30

strategies have been proposed for Cr(VI) removal from waste water, including31

precipitation, ion exchange, membrane separation, and adsorption.3,4 Adsorption is32

one of the most commonly used methods, due to its simplicity, effectiveness, ease of33

operation and reusability.434

Being abundant, cheap and environmentally benign, biosorbents have received35

increasing attention for the removal of heavy metals in recent years.5 Many36

biomaterials such as pinus brutia,6 wheat bran,7 wool,8 cellulose,9 and so on, have37

been utilized for Cr(VI) removal. Cellulose is the most abundant natural polymer38

available worldwide.10 Owing to its renewable, biodegradable and inexhaustible39

attributes, cellulose has been expected to become a key source of sustainable40

materials on an industrial scale.11 However, compared with conventional adsorbents,41

the adsorption properties of biosorbents are not satisfactory.42

The performance of adsorbents depends mainly on the specific surface area of the43

materials and the amount of functional groups responsible for adsorption.12,13 In the44

past decade, nanocellulose has attracted great research interests.11 Nanocellulose, in45

particular cellulose nanofibrils (CNFs), exhibits many other unique characteristics,46

such as large specific surface area, high aspect ratio, ease of chemical modification,47

and the ability to form highly porous mesh,10,14,15 which make it great potential as the48

precursor to produce effective adsorbent materials. Dendrimers are highly branched49

macromolecules with a three-dimensional (3D) tree-like architecture. They can have50

well-defined molecular weights, sizes, and plenty of surface functionalities,51

demonstrating versatile characteristics desired for a broad range of applications,52

including supramolecular chemistry, sensing, catalysts, biomedical engineering and53

pollution control.16 Poly(amidoamine) (PAMAM) is one of the most commonly54

investigated dendrimers.17,18 It has a large number of amine groups and amide groups,55

as well as numerous cavities.16 Those functional groups together with the unique56

molecular structure provide ideal building blocks to fabricate supersorbents for the57

removal of toxic anions, such as Cr(VI), in acidic conditions.1958
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3

In this study, CNFs were extracted from bamboo pulp through ultrasonication59

coupled with high shear homogenization. PAMAM-g-CNFs was synthesized by60

repeating the Michael reaction of methyl acrylate (MA) to amine groups on the61

modified CNFs (G0), followed by amidation of terminal ester groups with62

ethylenediamine (EDA).16 Finally, the obtained PAMAM-g-CNFs was transformed63

into aerogels, which constitute an important class of porous materials with low density,64

high specific surface area and great adsorption properties.15,20 The morphology,65

structure and adsorption properties of the materials were analyzed and discussed.66

67

Experimental68

Materials69

Never-dried moso bamboo pulp was supplied by Yongfeng Paper Co., Ltd.70

(Sichuan, China). Its cellulose content was higher than 93% as reported by the71

supplier. Methyl acrylate (MA), ethylenediamine (EDA) and other chemicals were of72

analytical grade and supplied by Chengdu Kelong Chemicals Co., Ltd. (Sichuan,73

China).74

Preparation of CNFs75

The bamboo pulp was dispersed in distilled water at a solid concentration of 0.576

wt%. A horn-type ultrasonic generator (JY993IIDN, Scientz, China) was used to treat77

the suspension at an output power of 1,200 W for 30 min. Then, a high shear78

homogenizer (T18, IKA, Germany) was used to isolate CNFs at a rotation speed of79

20,000 rpm for 1 h.80

Preparation of PAMAM-g-CNFs81

First, amine groups were introduced onto the surface of CNFs. 1 g CNFs was82

dispersed in 100 mL distilled water under nitrogen atmosphere and 1.5 g methyl83

methacrylate was slowly added with cerium ammonium nitrate (6 mM) as an initiator.84

This free radical reaction was conducted at room temperature for 3 h under magnetic85

stirring. The products were incubated with 1.5 g EDA in a methanol solution. The86

transesterification reaction lasted for 24 h at 60 oC under magnetic stirring. The87
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as-prepared amine-modified CNFs was purified through repeated methanol washing88

and marked as G0. Then the grafting of dendrimer PAMAM onto the CNFs was89

implemented by repeating two reactions: (1) Michael addition of MA to amine groups90

on the surface, and (2) amidation of terminal ester groups with EDA. Michael91

addition was performed as follows: 1 g G0 was dispersed in 100 mL methanol,92

followed by the addition of 1.5 g of MA. The mixture was stirred at 50 oC for 24 h.93

The product was washed with methanol repeatedly and labeled as G0.5. The94

amidation of terminal ester groups was carried out as follows: 1 g G0.5 and 1.5 g95

EDA were mixed in 100 mL methanol for amidation reaction which lasted for 24 h at96

60 oC under magnetic stirring. The two reactions were repeated and the products were97

marked as G1, G3, G5 according to the repetition numbers.98

Preparation of PAMAM-g-CNFs aerogel99

The obtained PAMAM-g-CNFs was re-dispersed in distilled water at a solid100

concentration of about 1 wt%. The suspension was rapidly frozen in liquid nitrogen101

(-196 oC) and placed in a freeze-drying chamber (FD31A350, Biocool, China). The102

freeze-drying process was maintained at -30 oC for 72 h to produce well-shaped 3D103

aerogels.104

Material characterization105

The morphologies of cellulose fibers, PAMAM-g-CNFs, and cross-sectional106

regions of aerogel were observed using Inspect F50 scanning electron microscopy.107

The specific surface area of the aerogel was determined by nitrogen adsorption using108

Quantachrome NovaWin instrument and Brunauer-Emmett-Teller (BET) method. The109

chemical structure of samples was characterized by FTIR and XPS, respectively.110

FTIR analysis was performed from 4000 to 500 cm-1 at a resolution of 2 cm-1 using a111

Nicolet 560 FTIR spectrometer. XPS spectra were recorded on a Kratos XASAM 800112

spectrometer with an Al Kα X-ray source (1486.6 eV). Zeta potential of the materials113

was measured using Zetasizer Nano ZS90 (Malvern Instruments Co., Britain). The114

materials were suspended in 0.1 mM NaCl solution. HCl and NaOH solutions were115

employed to adjust the pH values. The measurement was repeated for 3 times and the116

average value was adopted.117

Page 4 of 25Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



5

Adsorption experiments118

A series of batch adsorption experiments were conducted for investigation of the119

effect of pH, contacting time, temperature, coexisting ions on the Cr(VI) removal120

capacity. The pH dependent adsorption behaviors were studied in the pH range from 1121

to 10 adjusted by 0.1 mol/L HCl or NaOH solutions. The effect of initial Cr(VI)122

concentration (from 10 to 600 mg/L) on the adsorption performance was studied at123

pH=2 for 10 h. Meanwhile, the effect of contacting time was examined up to 24 h at124

pH=2. After adsorption, the Cr-loaded PAMAM-g-CNFs was regenerated using 0.1125

mol/L NaOH and washed several times with distilled water to eliminate residue Cr(VI)126

traces. Then the regenerated PAMAM-g-CNFs was re-freeze-dried into aerogel and127

used again for Cr(VI) removal. The analyses of Cr(VI) in aqueous samples were128

performed using a UV-vis spectrophotometer at 540 nm after complexation with129

1,5-diphenylcarbazide.21 Total concentrations of chromium in the samples were130

measured by an atomic absorption spectroscopy (AA800, Perkin–Elmer, USA), and131

the concentration of Cr(III) was then calculated from the difference between the total132

Cr and Cr(VI) concentrations.133

134

Results and discussion135

Characterization of materials136

Figure 1a and b showed 0.1 wt% dispersions of original cellulose fibers (OCFs) and137

CNFs after being left to stand for 3 days. Clear sedimentation was observed for the138

OCFs, whereas the CNFs were homogeneously dispersed in water without noticeable139

sedimentation. Regular cellulose fibers had an average diameter of 10 μm (Figure140

S1a). By contrast, after the mechanical extraction, the cellulose fibers were almost141

completely disintegrated into CNFs with diameters in the range of 20-50 nm (Figure142

S1b). The modified CNFs (Figure S1c) exhibited obviously thicker fiber diameters143

(50-150 nm) as compared with the precursor CNFs, which was consistent with the144

successful grafting of PAMAM. The resultant PAMAM-g-CNFs aerogel, with pale145

orange color, had an extremely low density (0.01 g/cm3) and a high porosity146
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(99.39 %). Remarkably, the ultralight weight PAMAM-g-CNFs aerogel could stand147

stably on top of a lily stamen (Figure 2a). The PAMAM-g-CNFs aerogel had an148

open-cell geometry with pore sizes in the range of 5-30 μm, and these cells were149

almost interconnected through sheet-like “walls” (Figure 2b). Interestingly, zooming150

in on a single “wall” (the inset image in Figure 2b) revealed that the “wall” consisted151

of numerous minor pores with sizes of 50-200 nm. Such a bimodal pore structure had152

special significance for the adsorption, where the major pores were conducive to mass153

diffusion, and the minor pores were beneficial to improve the surface area. The154

specific surface area of the PAMAM-g-CNFs aerogel was determined to be 82 m2/g155

by Brunauer−Emmett−Teller (BET) analysis, much higher than that of OCFs aerogel156

(0.8 m2/g), representing a great advantage for adsorption.157

The chemical structure of the PAMAM-g-CNFs was analyzed by Fourier transform158

infrared spectroscopy (FTIR). Compared with unmodified CNFs, an absorption peak159

at 1740 cm−1 appeared in the spectra of PAMAM-g-CNFs due to the presence of ester160

groups (Figure 2c). It revealed that methyl methacrylate had been grafted to CNFs,161

and the reaction between esters and ethylenediamine was incomplete for this162

solid–liquid reaction.22 The intensity of absorbance at 1740 cm–1 significantly163

decreased after repeating the dendrimer modification. The absorption peaks at 1650,164

1560 and 1450 cm–1 were assigned to amide and amine groups.22,23 The relative165

intensities of these peaks were found to increase with increased reaction cycles. In166

addition, X-ray photoelectron spectroscopy (XPS) was used to characterize the167

PAMAM-g-CNFs in a quantitative manner. The XPS spectra of these samples were168

shown in Figure 2d and Figure S2. Compared with unmodified CNFs, new peaks169

appeared at around 399.3 eV for PAMAM-g-CNFs, which corresponded to nitrogen170

atom.24 It was convinced that no nitrogen was detected in CNFs, while the nitrogen171

content in PAMAM-g-CNFs increased significantly with dendrimer generation172

increasing, and it reached 8.95% for G5. This suggested that PAMAM had been173

successfully grafted onto CNFs by repeating the reaction with EDA and MA.174

Consequently, a wealth of nitrogen-containing groups was introduced to the surface of175

aerogel, providing abundant adsorption sites for Cr(VI) removal.176
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Zeta potential characterizes essential surface properties of materials, especially the177

electric charge.25 The zeta potentials of pristine and modified CNFs in solutions at178

different pH were illustrated in Figure S3. The pristine CNFs had an isoelectric point179

(i.e.p.) at around pH 2.2. In contrast, the i.e.p. of PAMAM-g-CNFs increased180

gradually with increased reaction cycles, and it shifted to a much higher value of 9.6181

for G5 due to the enhanced protonation of amine groups on the dendrimer.26 As a182

result, the zeta potential of G5 was positive at pH < 9.6, while for pristine CNFs the183

pH should be lower than 2.2. PAMAM-g-CNFs aerogels became more positively184

charged than pristine CNFs under acidic conditions. From the electrostatic interaction185

point of view, the PAMAM-g-CNFs could provide better adsorption performance for186

anionic adsorbates than the pristine CNFs, since the surface interactions between the187

adsorbent and the adsorbate were enhanced.26188

Influence of solution pH189

The pH value is one of the most important factors that can affect the adsorption190

behavior remarkably because it determines the charge density of the adsorbent and the191

present state of the analytes in solution.27 The effect of pH on Cr(VI) removal over the192

range of 1-10 was investigated (Figure 3a). As expected, the G5 showed distinctly193

higher Cr(VI) removal capacity than CNFs throughout the pH range. For G5, the194

highest Cr(VI) removal was observed at pH 2. In this condition, the removal capacity195

of PAMAM-g-CNFs was as high as 335.16 mg/g, more than 10 times that of CNFs.196

The effect of solution pH could be tentatively explained by considering the surface197

charge of the adsorbent and the ionic forms of adsorbate. Under acidic conditions,198

amine groups could be protonated to form positively charged sites, e.g. -NH3+ groups,199

and electrostatic attraction occurred between Cr(VI) ions and -NH3+.27 When pH200

increased, the concentration of H+ in solution decreased. It became difficult for -NH2201

to be protonated, and at the same time the concentration of OH- increased, which202

competed with Cr(VI) ions. Hence, the Cr(VI) removal capability declined at a higher203

pH. In addition, Cr (VI) exists in various forms such as H2CrO4, HCrO4-, CrO42-,204

HCr2O7-, and Cr2O72- as a function of pH and concentration. The existing balances205

among different ionic species of chromium are shown as follows:28206
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8

H2CrO4 ⇌ H++ HCrO4- (1)207

HCrO4- ⇌ H++ CrO42- (2)208

2HCrO4- ⇌ Cr2O72-+ H2O (3)209

At a lower pH (nearly 2), the Cr (VI) species are mostly in their univalent forms210

(HCrO4-) which require only one exchange site and are more likely to be adsorbed.211

However, when pH further decreases (lower than 2), H2CrO4 becomes the dominant212

species,28 which can not be electrostatically attracted by the -NH3+ groups, leading to213

the decrease of removal capability.214

It is noteworthy that the effluent from chromium industries is usually acidic, even215

strongly acidic in some cases, for example, the chromium-plating waste water.29,30216

Therefore, the aerogel biosorbent with its maximum Cr(VI) adsorption at a low pH is217

of great advantages for Cr(VI) removal, in particular in treating chromium-plating218

waste water.219

220

Adsorption isotherms study221

To examine the relationship between adsorbent and adsorbate at equilibrium and to222

estimate the maximum adsorption capacity of adsorbent, the effect of Cr(VI)223

concentration on adsorption was analyzed and the data were fitted with the Langmuir224

model (eq 4)31 and the Freundlich model (eq 5),32 respectively:225

eL

eLm
e CK

CKqq



1 (4)226

n
eFe CKq
1

 (5)227

where Ce (mg/L) is the equilibrium concentration of Cr(VI) in solution, qe is the228

equilibrium adsorption capacity, qm is the maximum adsorption capacity, KL and KF229

are constants for Langmuir and Freundlich isotherms, respectively, n is a Freundlich230

constant relating to adsorption intensity of the adsorbents.231

The adsorption isotherms and fitting results were shown in Figure 3b and Table S1.232

Compared with Freundlich isotherm, the Langmuir isotherm could better describe the233

adsorption behaviors with a higher correlation coefficient (R2 = 0.9951), indicating the234
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monolayer adsorption of Cr(VI) onto the PAMAM-g-CNFs surface.31 The maximum235

adsorption capacity of G5 was calculated to be 377.36 mg/g, much higher than those236

for many other biosorbents (Table 1). To the best of our knowledge, this is the highest237

Cr(VI) adsorption capacity for any biosorbents reported so far. Furthermore, the effect238

of nitrogen content on adsorption capacity of Cr(VI) was studied and the results were239

illustrated in Figure 3c. The nitrogen content increased with the increase of dendrimer240

generation. As a result, the corresponding adsorption property was enhanced241

consistently.242

To demonstrate the excellent adsorption performance of PAMAM-g-CNFs in a243

more intuitive manner, the Cr(VI) solution before and after adsorption was pictured244

and shown in Figure 3. The Cr(VI) aqueous solution (200 mg/g) was chartreuse in245

color (Figure 3d), and it turned into wine red after complexation with246

1,5-diphenylcarbazide (Figure 3f). Also, the printed number on the backside of the247

bottle could not be seen. After adsorption, the pure Cr(VI) solution became colorless248

(Figure 3e), while the Cr(VI) complexation solution turned into light pink with high249

transparency. The backside number on the bottle was clearly visible.250

The outstanding adsorption properties of PAMAM-g-CNFs aerogel were highly251

dependent on its well designed structures at both molecular and microscopic levels,252

which were summarized as follows: (1) The nitrogen content in the PAMAM-g-CNFs253

was as high as 8.95%. After PAMAM grafting, many amine groups had been tethered254

on the CNFs’ surface, which could be protonated to attract Cr(VI) ions255

electrostatically under acidic conditions. (2) The PAMAM molecule had a 3D256

tree-like architecture with high hydrophilicity. Those functional groups could be fully257

exposed to interact with ions in aqueous solutions.19Moreover, PAMAM dendrimers258

generated numerous cavities in the interior. Those pocket-like cavities were very259

favorable for ions adsorption and storage.18 (3) The precursor CNFs had nanometer260

dimensions, which provided a foundation for the final materials with large specific261

surface area. This is of particular importance for the biosorbents, since adsorption262

mainly happens at materials’ surface.12 (4) Finally, the obtained PAMAM-g-CNFs263

aerogel exhibited a high porosity coupled with a unique bimodal pore structure,264
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leading to fast adsorption rate and high adsorption capacity.265

266

Adsorption kinetics and thermodynamics study267

The study of adsorption kinetics is significant as it provides valuable insights into268

the adsorption rate and the mechanism of the adsorption.40 The experimental data269

were analyzed using the pseudo-second-order equation (eq 6) as follows.40270

t
qqkq

t

eet










11
2

2 (6)271

where qe is the adsorption capacity (mg/g) at equilibrium, qt is the adsorption capacity272

at time t, k2 (g/mg·h) is the rate constant of pseudo-second-order adsorption.273

As shown in Figure 4a, the adsorption rate of Cr(VI) on PAMAM-g-CNFs was274

initially quite high and then gradually reached equilibrium in 2 h. The linear fitting of275

experimental data and correlation kinetics parameters were shown in the insert of276

Figure 4a and Table S2, respectively. The plot appeared in good linearity with a high277

correlation coefficient (R2 = 0.9996), and the theoretical qe value (338.98 mg/g) was278

very close to the experimental data (335.99 mg/g), suggesting that these kinetics data279

were fitted very well by the pseudo-second-order equation and the removal of Cr(VI)280

was a chemisorption process.40281

Thermodynamic parameters such as Gibbs free energy (∆Go), enthalpy (∆Ho) and282

entropy (∆So) were calculated using the following equations:41283

e

Ae

C
CK c (7)284

cKRTG lno  (8)285

RT
Η

R
SK

oo

c 303.2303.2
log 




 (9)286

where Kc is the equilibrium constant, Ce is the equilibrium concentration in solution287

(mg/L) and CAe is the solid phase concentration at equilibrium (mg/L).288

The effect of temperature on Cr(VI) removal was investigated and the results were289

shown in Figure 4b and Table S3. An increase in Cr(VI) removal with increasing290
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temperature together with the positive ∆Ho indicated that the Cr(VI) adsorption was291

an endothermic process. This was in accordance with the fact that Cr(VI) ions were292

partially reduced to Cr(III) during the adsorption, which had been proved to be an293

endothermic process.21 The negative values of ∆Go at various temperatures indicated294

the spontaneous nature of the adsorption process.41 These results indicated that it was295

more favorable for Cr(VI) removal at higher temperatures.296

297

Adsorption mechanism298

To explore the possible mechanism of Cr(VI) adsorption by the dendrimer299

PAMAM modified CNFs aerogel, additional experiments were performed. XPS was300

used to investigate the surface chemical composition of the Cr(VI)-adsorbed301

PAMAM-g-CNFs (Figure S4 and 4a). There was a new Cr absorption peak on the302

aerogel (Figure S4). Interestingly, the high resolution XPS spectrum of the Cr 2p303

region (Fig. 4a) suggested that the Cr 2p1/2 and Cr 2p3/2 line peaks were located at304

586.7 and 578.3 to 576.6 eV. However, the two peaks of Cr 2p3/2 at 578.3 and 576.6305

eV were assigned to Cr(VI) and Cr(III), respectively.27,42 It indicated that both Cr(VI)306

and Cr(III) coexisted on the surface of aerogel, and part of Cr(VI) had been reduced to307

Cr(III) during the adsorption process. The spectra of Cr 2p implied that the Cr bound308

to the aerogel was mainly in the trivalent form. The remaining negatively charged309

groups on CNFs, e.g., carboxyl groups, should be responsible for Cr(III) binding on310

the aerogel.43 Besides, the valence and concentration of Cr in the solution were311

investigated by UV-Vis spectrophotometer and atomic absorption spectroscopy, and312

the results were shown in Figure 4b. The concentration of Cr(VI) decreased rapidly in313

the first 20 min (79.70%), which was attributed to the electrostatic attraction between314

Cr(VI) ions and the protonated amine groups on PAMAM-g-CNFs. On the other hand,315

Cr(III) ions, which were absent in the initial solution, appeared in the aqueous phase316

and their concentration increased continuously with time. The coexistence of Cr(VI)317

and Cr(III) in both biosorbent and aqueous phase indicated the removal of Cr(VI) was318

accompanied by a redox reaction. Some of the Cr(VI) ions were reduced to Cr(III)319

during the adsorption process. It has been well recognized that biomaterials including320
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cellulose contain electron-donor groups. Due to the high redox potential (above +1.3321

V at standard condition), Cr(VI) can be easily reduced to Cr(III) by the biomaterials322

in acidic conditions.43 Actually, even if unmodified CNFs were used for Cr(VI)323

adsorption, a considerable amount of Cr(III) ions could be detected in the resultant324

solutions (data not shown). In addition, for PAMAM-g-CNFs, the electrons for such a325

redox reaction might also come from the amine groups on the biosorbents.27326

Furthermore, kinetics and thermodynamics studies consistently manifested that some327

chemical reactions indeed happened during the adsorption process.328

The Cr(VI) removal mechanism by PAMAM-g-CNFs aerogel was complicated.329

Both ion exchange and redox reaction were involved in this process. The proposed330

mechanism was depicted in Figure 4c. Initially, amine groups were protonated in331

acidic conditions, and the Cr(VI) ions were electrostatically attracted by332

PAMAM-g-CNFs. Then, part of Cr(VI) was reduced to Cr(III) by adjacent333

electron-donor groups. Finally, part of Cr(III) was released into the aqueous phase334

owing to electronic repulsion between the positively-charged groups and the Cr(III),335

while some Cr(III) ions could still interact with the negatively charged groups on336

PAMAM-g-CNFs to form a stable complex (Figure 4c).337

338

Regeneration study339

Excellent reusability is desired to reduce the amount of adsorbent materials, thereby340

lowering the material costs for Cr(VI) removal. The reuse potential of341

PAMAM-g-CNFs was evaluated and the results were shown in Figure 6a. It was342

observed that adsorption capacity decreased to 84.4% for the first cycle, then the343

decrease slowed down for the subsequent recycling. Although the removal decreased344

to 76.0% after the 3rd cycle, it was still as high as 255.34 mg/g, which remained to be345

superior to those of almost all other biosorbents even used for the first time (Table 1).346

347

Effect of the presence of other anions348

In many cases, waste water contains various kinds of anions, which can compete349

with the Cr(VI) ions for adsorption. In this study, the effect of different anions350
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including NO3- (NaNO3), SO42- (Na2SO4), and H2PO4- (KH2PO4) on Cr(VI) removal351

was studied and the results were shown in Figure 6b. The removal of Cr(VI) in the352

presence of 0.01M SO42- was 70.5% of that for neat Cr(VI) solution, whereas it was353

80.0% and 93.5% for 0.01M H2PO4- and NO3-, respectively. This could be explained354

by the different affinities of ions toward PAMAM-g-CNFs, which mainly depended355

on the ion charge density. The Z/r (charge/radius) value of SO42- is greater than those356

for NO3- and H2PO4- and multivalent anions are adsorbed more readily than357

monovalent anions.44 Notably, under acidic conditions, part of H2PO4- will be358

transformed into HPO42- and PO43-, which have greater ion charge density and359

affinity.42 As a result, the decreasing trend of Cr(VI) removal in the presence of360

competing anions was observed in the order of: NO3-< H2PO4-< SO42-.361

362

Conclusions363

In this study, a novel dendrimer PAMAM-g-CNFs aerogel was prepared and it364

adsorption properties on the hazardous Cr(VI) were investigated. Due to its very high365

porosity, large specific surface area and abundant nitrogen-containing groups, the366

PAMAM-g-CNFs exhibited a fascinating adsorption performance. The maximum367

Cr(VI) adsorption capacity of the aerogel was 377.36 mg/g, the highest one ever368

reported for any biosorbents. Interestingly, it was discovered that Cr(VI) could be369

effectively reduced to the much less toxic Cr(III), suggesting that PAMAM-g-CNFs370

aerogel was capable to detoxify Cr(VI). Owing to the excellent Cr(VI) removal371

performance as well as the intrinsic biodegradability and environmental friendliness372

of cellulose, the PAMAM-g-CNFs aerogel is expected to become a promising373

adsorbent for scale up practice on environmental remediation.374
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Table 1. Comparison of the maximum Cr(VI) adsorption capacities of various452

biosorbents.453

adsorbent qmax (mg/g) reference
Tartaric acid modified wheat bran 5.28 7
Ficus carica bast fiber 19.68 33
Spirulina platensis extract 41.12 34
Strychnos potatorum seed 59 35
Sheep wool 64.5 8
Thiol-modified cellulose nanofibrous composite
membranes 87.5 9

Fe0 nanorods modified with chitosan in porous anodic
alumina 118.76 36

Magnetic lignin composite modified with
diethylenetriamine 123 37

Pinus brutia 140.8 6
Nitrogen-enriched activated carbon based bamboo 142.9 38
Amine-functionalized magnetic corn stalk composites 158.73 39
Amino-functionalized magnetic cellulose
nanocomposite 171.5 4

Dendrimer poly(amidoamine)-grafted cellulose
nanofibril aerogels 377.36 This study

454
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Figure Captions455

Figure 1. Photographs of the water dispersions of (a) OCFs and (b) CNFs after three456

days standing. (c) The schematic for the synthesis of PAMAM-g-CNFs.457

Figure 2. (a) Photograph of a piece of PAMAM-g-CNFs aerogel standing on top of458

lily stamen. (b) SEM images on the cross-section of aerogel. (c) FTIR spectra of459

CNFs and PAMAM-g-CNFs. (d) XPS N1s core-level spectrum of G5.460

Figure 3. (a) Effect of pH on Cr(VI) adsorption. (b) Langmuir and Freundlich461

isotherms for Cr(VI) adsorption. (c) Effect of nitrogen content on Cr(VI) adsorption.462

Photographs of the Cr(VI) solution (d) before and (e) after adsorption, and the Cr(VI)463

complextion with 1,5-diphenylcarbazide (f) before and (g) after adsorption.464

Figure 4. (a) The Cr(VI) adsorption curve with contacting time (inset image:465

pseudo-second-order kinetics plot). (b) Effect of temperature on Cr(VI) removal (inset466

image: thermodynamic fitting curve).467

Figure 5. (a) XPS Cr2p spectrum for G5 after Cr(VI) adsorption. (b) Dynamics of468

Cr(VI) and Cr(III) concentrations in solution during the adsorption process. (c)469

Proposed mechanism of Cr(VI) removal by PAMAM-g-CNFs.470

Figure 6. (a) Removal efficiency (%) of Cr(VI) by PAMAM-g-CNFs at different471

regeneration cycles. (b) Effect of competing anions on the removal efficiency (%) of472

Cr(VI).473

474
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Figure 1.475
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Figure 2.478
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Figure 3.481
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483
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Figure 4.484
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Figure 5.487
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Figure 6.490
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A dendrimer PAMAM-g-CNFs aerogel with unique molecular and microscropic structures demonstrates 
outstanding performance on Cr(VI) removal.  
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