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Abstract Ecofriendly adsorbent materials for the rapid and efficient removal of 35 

pollutant dyes are highly desired on account of concerns about environmental pollution 36 

and human health. Herein, novel magnetic HC/Fe3O4 spherical materials have been 37 

constructed via crosslinking hydroxyethyl cellulose (HC) by poly(ethylene glycol) 38 

diglycidyl ether (PGDE) followed by the introduce of magnetic Fe3O4 by a facile and 39 

effective strategy developed in this work. The morphology, structure and magnetic 40 

behavior of the spherical materials have been systematically investigated using 41 

scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform 42 

infrared (FT-IR) and vibrating sample magnetometer (VSM) techniques. Further, the 43 

spherical materials were utilized to remove congo red (CR-SO3Na) from aqueous 44 

solution under varying adsorption conditions. Meanwhile, the adsorption kinetics, 45 

thermodynamics and isothermics have been achieved to explore the adsorption process 46 

and possible adsorption mechanism of CR-SO3Na by the spherical materials. The 47 

materials show not only an efficient capacity of CR-SO3Na removal from aqueous 48 

solution, but also a sufficient magnetic property of the recovery of the materials from 49 

aqueous solution after adsorption. The spherical materials have great potential to be 50 

used as efficient adsorbents for the removal of dye-containing effluent.  51 

 52 

Keywords: cellulose, magnetic sphere, congo red, adsorption 53 

 54 

Introduction 55 

Biomass-based adsorbent materials have increasingly received great attention in water 56 

purification industry over the past years because this type of adsorbents are nontoxic 57 

and biodegradable unlike conventional petroleum-based adsorbent ones which are 58 

harmful to ecological environment and human health due to their extreme difficulty to 59 
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be degraded and accumulation in natural environment along with microplastic derived 60 

from petroleum-based product wastes (Patel et al. 2018, Law et al. 2014, Rilliing et al. 61 

2012, Roa et al. 2021). Studies have shown that lignocellulosic porous materials 62 

prepared from natural biomass corncob and willow wood can remove dye methylene 63 

blue and oil from water (Xu et al. 2018). Other lignocellulosic materials applied in the 64 

removal of dyes from aqueous solution include jute fiber for anionic-azo (Roy et al. 65 

2012), azadirachta indica leaf powder for anionic-azo (Bhattacharyya et al. 2004), 66 

formosa papaya seed powder for crystal violet (Pavan et al. 2014), mustard husk for 67 

alizarin red (Gautam et al. 2013), macauba palm cake for methylene blue and congo 68 

red (Vieira et al. 2012), agricultural residues wheat straw, corncob and barley husk for 69 

cibacron yellow, cibacron red , cibacron blue, remazol black B and remazol red 70 

(Robinson et al. 2002).  71 

Cellulose, constantly being produced through photosynthesis, is the most abundant 72 

biorenewable resource in the world with outstanding advantages such as availability, 73 

low-price, nontoxicity and biodegradability (Hirosawa et al. 2017, Ragauskas et al. 74 

2006, Wang et al. 2012). Over the past years, cellulose has been utilized to fabricate 75 

adsorbent composite materials for the removal of toxic dyes from water/wastewater 76 

(Roa et al. 2021). However, pure cellulose material displays a low adsorption efficiency 77 

for pollutants (Hosseini et al. 2022). To overcome the issue, it is essential that high 78 

adsorption capacity components for pollutants are combined with cellulose, or cellulose 79 

is modified by functional groups which are able to interact with pollutants. For example, 80 

cellulose nanocrystal/graphene oxide nanocomposite (Shi et al. 2014, Zaman et al. 81 

2020), cellulose nanocrystals incorporated with zinc oxide (Oyewo et al. 2020), 82 

cellulose nanofibril coated with polydopamine (Huo et al. 2022), and cellulose 83 

nanofibril/rectorite composite can be applied as adsorbents for the removal of toxic dye 84 
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methylene blue from aqueous solution (Chen et al. 2022). The materials of cellulose 85 

nanocrystal/microfibril modified by carboxyl groups can adsorb methylene blue (Wu 86 

et al.2020, Li et al. 2018), acrylic acid and acrylamide grafted cellulose powders (100 87 

mesh) for acid blue 93 and methylene blue (Liu et al. 2015), glycidyl methacrylate and 88 

diethylenetriamine pentaacetic acid modified epoxy cellulose for malachite green and 89 

basic fuchsine (Zhou et al. 2013), phytic acid and tannin functionalized microcrystalline 90 

cellulose for cationic dye (Yuan et al. 2022), polyethyleneimine modified cellulose 91 

nanofibers for methyl orange (Zhang et al. 2022), trimethylammonium grafted cellulose 92 

for Eosin Y (Feng et al. 2020), ionic liquid modified cellulose for Eosin Y (Wan et al. 93 

2019), and Cu(II)-thiourea modified cotton fibers for riochrome cyanine R and 2-(4-94 

sulfo phenyl azo)-1,8 dihydroxy-3,6 naphthalene disulfonic acid (Shafik et al. 2022). 95 

In spite of the strong adsorption capacity of these cellulose-based adsorbents for 96 

pollutant dyes, their practical applications are often limited. For example, cellulose 97 

nanofiber and nanocrystal involve chemicals and complexity in extraction process 98 

(Afzal et al. 2021, Siró et al.2010). The modifications of cellulose by some functional 99 

groups involves quite complex and time-consuming procedures. In addition, natural 100 

cellulose is extremely difficult to be dissolved in water and most of comment solvents, 101 

making its practical application be restricted (Xu et al. 2019, Xu et al. 2018). 102 

In recent years, some important progress has been made in the application of 103 

hydroxyethyl cellulose in the removal of dyes. This is mainly due to the facts that 104 

hydroxyethyl cellulose is water-soluble, facilitating it to be functionalized via replacing 105 

the hydroxyl hydrogen atoms in hydroxyethyl cellulose (Ding and et al. 2018, Jilal et 106 

al. 2018, Chronakis et al. 2002), it is also biocompatible and biodegradable, being a 107 

potential candidate of bioadsorbents family for the removal of pollutant dyes (Verma et 108 

al. 2021, Al-Shemy et al. 2022). Sultan et al. found that hydroxyethyl cellulose-g-poly 109 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nanofiber
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(acrylic acid-co-acrylamide)-Fe3+/silver nanoparticles could be empolyed for enhanced 110 

adsorption of methylene blue dye (Sultan et al. 2022). lignin-based hydroxyethyl 111 

cellulose-PVA absorbents prepared by Huang et al. could efficiently adsorb positively 112 

charged dyes such as rhodamine 6G, crystal violet and methylene blue (Huang et al. 113 

2019). Gao et al. fabricated hierarchical foam using hydroxyethyl cellulose, silica and 114 

graphitic carbon nitride, and they found that the foam exhibited not only a good 115 

adsorption capacity towards methylene blue and methyl violet but also high 116 

photocatalytic degradation activity towards two dyes (Gao et al. 2022). The 117 

investigation of Ayouch et al. indicated that the hydrogel films using hydroxyethyl 118 

cellulose and carboxymethyl cellulose as starting materials, and citric acid as a 119 

crosslinker could remove methylene blue from aqueous solutions (Ayouch et al. 2021).  120 

CR-SO3Na is a water-soluble anionic benzidine-based diazo dye and extensively 121 

applied in textile, paper, paint, pigments, rubber and plastics industries (Helmiyati et al. 122 

2022, Debnath et al. 2015). Nevertheless, this dye is non-biodegradable and 123 

carcinogenic, thus resulting in causes environmental pollution and human health 124 

problems (González-López et al. 2021, Afkhami et al. 2010). Hence, it is vital to 125 

remove the dye pollutant from waste water. 126 

In this present work, we designed novel and magnetic HC/Fe3O4 spheres using HC, 127 

PGDE and magnetic Fe3O4, which was not reported previously to the best of our 128 

knowledge. The spherical materials could be readily fabricated at ambient conditions. 129 

PGDE was employed to mainly crosslink HC, and magnetic Fe3O4 was introduced into 130 

the spherical materials for the convenience of efficient separation of the HC/Fe3O4 131 

spherical adsorbents from aqueous solutions after adsorptions (Sirajudheen et al. 2020). 132 

Further, the spherical materials were used for the adsorption performances of CR-133 

SO3Na, and batch adsorption experiments were carried out to systematically investigate 134 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rhodamine-6g
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/methylene-blue
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the effects of adsorption factors (pH, temperature, dosage, contact time, and initial dye 135 

concentration) on the adsorption of the HEC/Fe3O4 spheres towards CR-SO3Na. The 136 

adsorption process was investigated using isotherm and thermodynamic and kinetic 137 

models to explore possible adsorption mechanism of CR-SO3Na by HEC/Fe3O4. The 138 

recovery and the reusability of the HEC/Fe3O4 adsorbents were also estimated. 139 

Materials and methods 140 

Reagents and materials 141 

Congo red (CR-SO3Na, > 98 %), hydroxyethyl cellulose (HC) (5000-6000 mpa·s, 25 142 

ºC), tween 80 and liquid paraffin were purchased from Aladdin Biochemical 143 

Technology Co., Ltd. Poly(ethylene glycol) diglycidyl ether (PGDE, average Mn 500) 144 

was from Aldrich-Sigma. FeCl3∙6H2O (≥ 99.0 %) was purchased from Xilong Science 145 

Co., Ltd. Ethanol (≥99.5 %) was purchased from Tianjin Deen Chemical Reagent Co., 146 

Ltd. FeCl2∙4H2O (≥ 99.7 %) was purchased from Tianjin Bailunsi Biotechnology Co., 147 

Ltd. All chemicals were used as received. Deionized water was used throughout all the 148 

experiments in this paper. 149 

Fabrication of the magnetic HC/PGDE spheres 150 

The magnetic HC/PGDE spheres were fabricated using the following procedure. A HC 151 

aqueous solution was obtained by dissolving 0.48 g of HC in 15.2 g of deionized water. 152 

To this HC aqueous solution, NaOH was added under stirring until NaOH was 153 

completely dissolved to gain a HC/NaOH solution. At this time, 0.96 g of PGDE was 154 

add to the HC/NaOH solution, stirring for 10 min at ambient temperature to gain a 155 

HC/PGDE/NaOH solution.  156 

87.6 g of paraffin was mixed with 17.8 g of Tween 80 under stirring to gain a liquid 157 
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paraffin/Tween 80 mixture. Then, the HC/PGDE/NaOH solution was dropwise added 158 

to this mixture under fiercely stirring. After the addition of the HC/PGDE/NaOH 159 

solution was completed, continuously stirring for 4 h. Finally, the HC/PGDE spheres 160 

were washed by water and ethanol, and then immersed in ethanol to remove water in 161 

the spheres.  162 

FeCl3∙6H2O and FeCl2∙4H2O were added to deionized water, stirred for 10 min, 163 

heated to 70 ℃ and then cooled to ambient temperature to a Fe3+/Fe2+ solution. The 164 

whole process was protected by nitrogen to prevent Fe2+ from being oxidized. In this 165 

solution, the molar ratio of Fe3+ to Fe2+ is 2, and the total concentration of Fe3+ and Fe2+ 166 

is 0.3 mol∙L-1. The HC/PGDE spheres fabricated above were immersed in the Fe3+/Fe2+ 167 

solution for 3 h. The unabsorbed Fe3+/Fe2+ solution was poured out. Then, the 168 

HC/PGDE spheres which adsorbed the Fe3+/Fe2+ solution were immersed in NaOH 169 

solution of 0.5 mol∙L-1 for 1 h to obtain wet magnetic HC/PGDE hydrogel spheres. 170 

After being washed with deionized water, the wet spheres were freeze-dried to obtain 171 

dried magnetic HC/PGDE spherical samples. 172 

Characterization of the magnetic HC/PGDE  173 

The chemical groups of the magnetic HC/PGDE were analyzed by IR measurement (4 174 

cm−1 resolution and 64 scans) in the range of 400 − 4000 cm−1, each sample was 175 

prepared into thin slice using KBr before determination. 176 

The morphology of the fracture surface of the magnetic HC/PGDE was observed 177 

on a scanning electron microscope, the dried magnetic HC/PGDE film was frozen by 178 

liquid nitrogen and snapped immediately, prior to the observation, samples were 179 

sputtered with gold.  180 

X-ray diffraction (XRD) was recorded on A BrukerD8Advance diffraction 181 
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spectrometer with Cu-Ka radiation (40 kV, 2° min−1, λ = 1.54 Å), the determined 2θ 182 

range was 5–60°.  183 

Adsorption investigation of CR-SO3Na  184 

Batch adsorption investigations were completed using the HC/PGDE as a adsorbent to 185 

remove CR-SO3Na from an aqueous CR-SO3Na solution. The following adsorption 186 

factors were investigated including contact time, solution pH, temperature, adsorbent 187 

dose and initial CR-SO3Na concentration. The contact time investigations were 188 

completed at time = 0 − 120 min and a fixed initial CR-SO3Na concentration of 100 189 

mg L−1, adsorbent dosage of 0.5 g L−1 and 30 °C. The pH investigations were completed 190 

at pH = 2 − 6 and a fixed initial CR-SO3Na concentration of 100 mg L−1, adsorbent 191 

dosage of 0.5 g L−1 and 30 °C for 20 h. The temperature investigations were completed 192 

at temperature = 25 − 45 °C and a fixed initial CR-SO3Na concentration of 100 mg L−1 193 

and adsorbent dosage of 0.5 g L−1 for 20 h. The adsorbent dose investigations were 194 

completed at adsorbent dose = 0.1− 1.2 g L−1 and a fixed initial CR-SO3Na 195 

concentration of 100 mg L−1 and 30 °C for 20 h. The initial CR-SO3Na concentration 196 

investigations were completed at concentration = 25 − 300 mg L−1 and a fixed adsorbent 197 

dosage of 0.5 g L−1 and 30 °C for 20 h. For the contact time, temperature, adsorbent 198 

dose and initial CR-SO3Na concentration investigations, the pH refer to the pH of 199 

aqueous CR-SO3Na solution.  200 

Each experiment was repeated three times and the averages values were calculated. 201 

The adsorption capacity (q) and removal efficiency (Re) of each dye were calculated 202 

using the following Eq. 1-3: 203 

 204 

 205 
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 206 

 207 𝑞𝑒 = 𝐶0−𝐶𝑒𝑚 × 𝑉                               (1) 208 

𝑞𝑡 = (𝐶0−𝐶t)×𝑉𝑚                               (2) 209 

 210 𝑅𝑒 = 𝐶0−𝐶t𝐶0 × 100 %                           (3) 211 

 212 

Where, qe (mg g−1) and qt (mg g−1) are the equilibrium adsorption capacity and 213 

adsorption capacity at time t, respectively. C0, Ce and Ct were the initial, equilibrium 214 

and time t dye concentrations (mg L−1), respectively. m (g) and V (L) were the mass of 215 

HC/PGDE and the volume of the dye solutions, respectively.  216 

Results and discussion 217 

Preparation strategy of the magnetic HC/Fe3O4 218 

The recovery and reuse of the adsorbents after adsorption towards dye pollutants are of 219 

significance in terms of their practical application. Moreover, the magnetic HC/Fe3O4 220 

spheres prepared in this work are primarily utilized in removing CR-SO3Na from 221 

aqueous solution. Therefore, Fe3O4 was introduced into the HC/Fe3O4 spheres for the 222 

convenience of its separation from aqueous solution after adsorption towards CR-223 

SO3Na. Meanwhile, our previous investigations found that the adsorbents prepared 224 

from higher biomass concentration could result in the decreased removal efficiency for 225 

pollutant dyes (Xu et al. 2018). Thus, the concentration of HC was selected as low as 226 

possible, similarly for NaOH solution concentration and PGDE/HC mass ratio to reduce 227 

the amounts of NaOH and PGDE needed to prepare the HC/Fe3O4. Based on this 228 

conception, the concentration of HEC was selected at 3 wt%, 5 wt% for NaOH solution 229 

concentration and 2 for PGDE/HEC mass ratio. In the light of the above preparation 230 
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strategy, the magnetic HC/Fe3O4 spheres were readily prepared at ambient temperature: 231 

The HC/PGDE/NaOH solution was dropwise added to a paraffin/Tween 80 mixture 232 

under fiercely stirring, and simultaneously HC was crosslinked by PGDE in this process 233 

to gain gel spheres (see Fig. 1a), the spheres were successively washed by water and 234 

ethanol, and then immersed in ethanol to remove water in the spheres, the water−free 235 

spheres were immersed in a Fe3+/Fe2+ solution for 3 h to introduce magnetic Fe3O4 236 

followed by being washed by deionized water and subsequently freeze-dried to obtain 237 

dried magnetic HC/PGDE spheres (see Fig. 1b).   238 

 239 

Fig. 1 Schematic diagram of the HC crosslinked by PGDE (a), electronic photo of the magnetic 240 

HC/Fe3O4 spheres (b).  241 

Morphology and magnetic property for the HC/Fe3O4 242 

Figure 2 depicts the SEM observation of the fracture and pore wall surfaces of the 243 

magnetic HC/Fe3O4. Obviously, the magnetic HC/Fe3O4 presents a fluffy and porous 244 

microstructure, and its pores are composed of randomly oriented HC/Fe3O4 walls (Fig. 245 

2a), which is similar to the cellulose materials prepared using functionalized 246 

imidazolium carboxylate ionic liquids (Xu et al. 2018, Xu et al. 2020), and aqueous 247 

NaOH/thiourea solution (zhang et al. 2002). Such fluffy and porous structure is 248 
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beneficial to dye molecules (Xu et al. 2018). This porous structure mainly results from 249 

the fact that during the freezing process in a refrigerator, the water in the wet HC/Fe3O4 250 

gels was frozen into solid (ice), and the HC/Fe3O4 were squeezed into sheets, after the 251 

ice sublimation during freeze-dring process, the HC/Fe3O4 porous materials with fluffy 252 

and porous morphological structures were formed.  253 

 254 

Fig. 2 a SEM images of the magnetic HC/Fe3O4, b Section, pore wall 255 

 256 

 257 

The magnetic property of the HC/Fe3O4 was recorded using VSM at room 258 

temperature, as presented in Figure 3. The saturated magnetization of the HC/PGDE is 259 

26.4 emu⋅g-1, indicating that its magnetic property is sufficient for the magnetic 260 

separation of HC/Fe3O4 from aqueous solution (see the inset of the bottom right of Fig. 261 

3). In addition, almost zero residual magnetic susceptibility is observed, indicating that 262 

the HC/Fe3O4 sample is superparamagnetic.  263 
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 264 

 265 

Fig. 3 Magnetization curve of the HC/Fe3O4. The insets: Before and after adsorptions of congo red 266 

(CR) 267 

 268 

XRD and FT-IR analysis of the magnetic HC/PGDE 269 

The XRD spectra of the HC/Fe3O4 and original HEC are shown in Fig. 4a. The obvious 270 

diffraction peak at 2θ value of 20° is an indicative of the (002) reflection of the original 271 

HEC. A weaker peak at 2θ value of 35.5° is ascribed to the (311) reflection of Fe3O4 of 272 

the HC/Fe3O4 (Eltaweil et al. 2020), suggesting that Fe3O4 has been successfully 273 

incorporated during fabrication process. It is also found that no diffraction peak 274 

corresponded to the HC appears for the HC/Fe3O4. This mainly results from the 275 

crosslinking reaction of PGDE with the hydroxyl of HC, leading to the disappearance 276 

of the diffraction peak ascribed to the HC.  277 

Fig. 4b shows the IR spectra of the HC/Fe3O4 and original HEC. The spectra of 278 

the HC feature a wide O-H stretching vibration at 3500−3000 cm-1, C-H asymmetric 279 

and symmetric stretching vibrations at 2919, 2878 cm-1, a C-O-H plane vibration at 280 

1352 cm-1, a C-O-C stretching vibration at 1056 cm-1, which are the characteristics of 281 
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the HC (Fan et al. 2016). As shown in Fig. 4b, the peaks attributed to the HC are 282 

significantly decreased or disappeared in the HC/Fe3O4 IR spectra, revealing a 283 

crosslinking reaction of PGDE with the hydroxyl of the HC which is consistent with 284 

the XRD findings discussed above. At the same time, this also indicates that for the 285 

magnetic HC/Fe3O4, PGDE mainly serves to crosslink the hydroxyl of HC.  286 

 287 

 288 

Fig. 4 a XRD diffraction peaks and b FT-IR spectra of HC and HC/Fe3O4 289 

 290 

Effects of Solution pH and adsorbent dose on CR-SO3Na Adsorption  291 

The effect of solution pH on CR-SO3Na adsorption is shown in Fig. 5a. It is evident 292 

that the adsorption of CR-SO3Na is significantly impacted by solution pH. The 293 

adsorption capacity of the HC/Fe3O4 towards CR-SO3Na reduces with the rise of pH. 294 

This primarily results from the following facts: CR-SO3Na is an anionic dye which can 295 

be dissociated into CR-SO3
− anion and Na+ cation in water, the protonated hydroxy 296 

groups in the HC/Fe3O4 under acidic condition generate a electrostatic attraction 297 

towards the anion of CR-SO3Na, with increasing pH, the deprotonated hydroxy groups 298 

gradually disable the electrostatic attraction of the HC/Fe3O4 towards the anion.  299 

Fig. 5b shows dosage effect on CR-SO3Na adsorption. The removal efficiency of 300 

the HC/Fe3O4 for CR-SO3Na considerably increases with increasing dosage. This is 301 
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mainly because the more the amount of the dosage is, the more the available adsorption 302 

sites for CR-SO3Na adsorption also is. However, the equilibrium adsorption capacities 303 

of the HC/Fe3O4 for CR-SO3Na decrease with adsorbent dosage. This is mainly due to 304 

the fact that with the increase of dosage, the non-adsorbed sites in the HC/Fe3O4 become 305 

more and more, thus leading to the decreased adsorption capacity. 306 

 307 

 308 

Fig. 5 a Adsorption capacity and removal efficiency vs. solution pH, b Adsorption capacity and 309 

removal efficiency vs. adsorbent dose 310 

 311 

Adsorption time effect and kinetics 312 

The dependence of the adsorption capacity of on time is presented in Fig. 6a. At the 313 

initial stage of adsorption, the adsorption capacity of the HC/Fe3O4 for CR-SO3Na 314 

enhances rapidly with time. This is mainly due to a large amount of available vacant 315 

adsorptive sites on the HC/Fe3O4, being to the benefit of CR-SO3Na adsorption. With 316 

an elongation in time, vacant sites on the HC/Fe3O4 are gradually occupied by CR-317 

SO3Na molecules, and it takes a long time for CR-SO3Na molecules to be adsorbed on 318 

the vacant sites of the HC/Fe3O4, thus resulting in a decreased adsorption rate. At the 319 

last adsorption stage, the adsorption equilibrium achieves, and thus keep hardly variable 320 

adsorption rate.  321 
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 322 

 323 

Fig. 6 a qe variation of the HC/Fe3O4 towards CR-SO3Na with time, b Pseudo-first-order kinetic 324 

fitting curve, c pseudo-second-order kinetic fitting curve, d intraparticle diffusion fitting curve 325 

 326 

The pseudo-first-order (Eq. 4) and pseudo-second-order (Eq. 5) models are used 327 

to investigate the adsorption process of CR-SO3Na by the HC/Fe3O4 (Fan et al. 2016, 328 

Deng et al. 2013).  329 

 330 

ln(qe  −  qt)  = ln qe − K1t                       (4) 331 

 332 

t
qt

 = 1
K2qe

2  + t
qe

                                 (5) 333 

 334 

 335 

The adsorption kinetic curves of CR-SO3Na on the HC/Fe3O4 based on the pseudo-336 

first-order and pseudo-second-order model equations are shown in Fig. 6 b and c, 337 

respectively, and the fitted parameters using the two equations are summarized in Table 338 
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1. The pseudo-first-order kinetic correlation coefficients (R2 = 0.88826) for the 339 

adsorptions of CR-SO3Na by the HC/Fe3O4 is much less than the pseudo-second-order 340 

kinetic correlation coefficients (R2 = 0.99997). Moreover, the adsorption capacity 341 

((qe)cal = 182.48 mg g−1) calculated using the pseudo-second-order kinetic equation is 342 

extremely closer to the experimentally determined value ((qe)exp = 180.16 mg g−1). 343 

However, the adsorption capacity ((qe)cal = 49.62 mg g−1) calculated by the pseudo-344 

first-order kinetic equation is much less than the experimental value ((qe)exp = 180.16 345 

mg g−1). Thus, the pseudo-second-order kinetic model is more proper to describe the 346 

adsorption of CR-SO3Na by the HC/Fe3O4 than the pseudo-first-order kinetic model, 347 

suggesting that the adsorption of CR-SO3Na by the HC/Fe3O4 are primarily 348 

chemisorption (Wang et al. 2020). 349 

Table 1 Kinetic parameters of the adsorptions of CR-SO3Na by the HC/Fe3O4 350 

Models (qe)exp (mg g−1) Parameters R2 

Pseudo-first-order 180.16 
K1 (h−1)  

5.09 × 10−3 

(qe)cal (mg g−1) 
49.62 

0.88826 

Pseudo-second-order 180.16 
K2 (g mg−1 h−1) 
3.60 × 10−5 

(qe)cal (mg g−1) 
182.48 

0.99997 

Intraparticle 
diffusion 

 

Kdif1 (mg g−1 min−1/2) 
13.52 

C1 

39.2547 
0.94408 

Kdif2 (mg g−1 min−1/2) 
1.08 

C2 

152.157974 
0.94611 

The adsorption kinetic data were further analyzed with the intraparticle diffusion 351 

kinetic (Eq. 6) model to identify the diffusion mechanism during an adsorption process 352 

(Xu et al. 2022). The fitted curve and parameters using this equation are shown in Fig. 353 

6d and Table 1, respectively. 354 

qt = Kdifit0.5 + C                               (6) 355 

 356 

As seen in Fig. 6d, the curve of intra particle diffusion includes three linear 357 

sections. The first linear section of the curve with a large slope associates with the 358 

diffusion adsorption caused by the diffusion of CR-SO3Na through the solution to the 359 
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external surface of the HC/Fe3O4. The second linear section is related to the gradual 360 

adsorption stage resulting from the intraparticle diffusion of CR-SO3Na from the 361 

exterior surface to the interior of the HC/Fe3O4. The last linear section attributes to a 362 

very slow adsorption equilibrium stage, indicating a very slow diffusion of CR-SO3Na 363 

of the extremely low CR-SO3Na concentration in the aqueous CR-SO3Na solution into 364 

the HC/Fe3O4 (Chaukura et al. 2017). 365 

Initial concentration effect and adsorption isotherm 366 

As shown in Fig. 7, initial concentration (C0) remarkedly effect on adsorption capacity 367 

(qe) and removal efficiency. The adsorption capacity significantly enhances with initial 368 

concentration of CR-SO3Na solution. It is easy to understand considering the fact: With 369 

a rise in CR-SO3Na initial concentration, the driving capacity of the adsorption of CR-370 

SO3Na molecule onto the adsorption site of the HC/Fe3O4 (Dai et al. 2018). However, 371 

the removal efficiency displays a contrary trend with CR-SO3Na initial concentration. 372 

This results from the limited vacant adsorption sites on the HC/Fe3O4 which are not 373 

enough to absorb more CR-SO3Na molecules at high initial concentration (Chen et al. 374 

2019).  375 

 376 

Fig. 7 Adsorption equilibrium capacity (qe) and removal efficiency vs. initial concentration (C0). 377 
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 378 

The interaction between the adsorbent (HC/Fe3O4) and adsorbate molecule (CR-379 

SO3Na) was investigated using the adsorption isotherm models below (Chaukura et al. 380 

2017, Ai et al. 2011). 381 

Langmuir isothermal model: 382 

 383 

                          (9) 384 

RL = 1
1+KLC0

                              (10) 385 

 386 

Freundlich isothermal model: 387 

 388 

                         (11) 389 

 390 

In the above equations, qmax (mg g−1) is the maximal adsorption capacity, and b (L mg−1) 391 

for the adsorption intensity or Langmuir coefficient related to the affinity of the binding 392 

site, respectively. RL stands for the separation factor, which is used to judge the degree 393 

of adsorption: RL = 0, adsorption does not occur, RL > 1, adsorption is difficult to occur, 394 

0 < RL < 1, adsorption is easy to occur. KF is Freundlich isotherm constant. n is a 395 

constant related to the adsorption strength. The larger n is, the stronger the 396 

heterogeneity of the material surface is. When n is about 1, meaning that the adsorbent 397 

has relatively homogeneous binding sites. 398 

 399 
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Fig. 8 a Fitting curve of the Langmuir isotherm adsorption equation, b fitting curve of the 400 

Freundlich adsorption isotherm equation 401 

The fitting curves from Langmuir/Freundlich isothermal models Eq. 9-10 are 402 

shown in Fig. 8, and the fitting parameters are summarized in Table 2. The Langmuir 403 

isothermal correlation coefficient (R2) is 0.996, and 0.971 for the Freundlich isothermal 404 

correlation coefficient. This is an indication that the adsorption of CR-SO3Na by the 405 

HEC/Fe3O4 occurs mainly by a monolayer homogeneous adsorption process on a 406 

homogeneous adsorbent surface, and meanwhile exists a multilayer adsorption process 407 

on a heterogeneous surface. RL is 0.029-0.24, indicating that the adsorption process is 408 

easy to occur. n is 3.075, indicating a multilayer adsorption process on a heterogeneous 409 

surface.   410 

Table 2 Fitting isothermal parameters for the adsorption of CR-SO3Na by the HC/Fe3O4 411 

Langmuir Freundlich 

R2 KL (L mg−1) qmax (mg g−1) RL R2 KF n 

0.996 0.1115 308.64 0.029-0.24 0.971 65.2 3.075 

Adsorption temperature effect and Thermodynamics 412 

The equilibrium adsorption capacity of the HC/Fe3O4 towards CR-SO3Na decreases 413 

with temperature, suggesting that the adsorption of CR-SO3Na on the HC/Fe3O4 is an 414 

exothermic process, and low temperature is more conducive to the adsorption of CR-415 

SO3Na on the HC/Fe3O4 (González-López et al. 2021). 416 
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 417 

Fig. 9 Adsorption equilibrium capacity (qe) and removal efficiency vs. temperature 418 

The thermodynamic parameters Gibbs free energy (ΔG0), enthalpy change (ΔH0) 419 

and entropy change (ΔS0) allow to know the spontaneity, occurrence with absorption or 420 

release of energy and increase or decrease in entropy of the adsorption process from 421 

point of the thermodynamic (Ai et al. 2011, Vieira et al. 2012). The thermodynamic 422 

behavior of the adsorption of CR-SO3Na by the HC/Fe3O4 were investigated using Eq. 423 

12-14 (Ai et al. 2011, Vieira et al. 2012): 424 𝐾𝑑 = 𝑞𝑒𝑐𝑒                               (12) 425 

ln𝐾𝑑 = 𝛥𝑆0𝑅 − 𝛥𝐻0𝑅𝑇                            (13) 426 Δ𝐺0 = −𝑅𝑇𝑙𝑛𝐾𝑑                           (14) 427 

where, qe (mg g-1) and Ce (mg g-1) stand for the adsorption amount and CR-SO3Na 428 

concentration at equilibrium, respectively. R (8.314 J mol−1 K−1) is the ideal gas 429 

constant. T (K) represents the absolute temperature.  430 

The thermodynamic parameters calculated using Eq. 12-14 are shown in Table 3. 431 

Negative ΔG0 values identify the spontaneity of the adsorption of CR-SO3Na by the 432 

HC/Fe3O4. Positive ΔH0 value confirms exothermic nature of the adsorption of CR-433 

SO3Na by the HC/Fe3O4. Negative ΔS0 value demonstrates a poor affinity of the 434 
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HC/Fe3O4 towards CR-SO3Na and decreased randomness at the solid/solution interface 435 

during adsorption process of CR-SO3Na by the HC/Fe3O4 (Vieira et al. 2012). 436 

Table 3 Fitting thermodynamic parameters of the adsorption of CR-SO3Na by the HC/Fe3O4 437 

T (K) ΔG0 (kJ mol−1) ΔH0 (kJ mol−1) ΔS0 (J (mol K) −1) 
298.15 -6.33 

-55.06 -157.97 

303.15 -5.52 

308.15 -4.95 

313.15 -4.08 

318.15 -2.95 

Possible adsorption mechanism  438 

In order to investigate the possible adsorption mechanism of CR-SO3Na by the 439 

HC/Fe3O4, FT-IR spectra of the HC/Fe3O4 before and after CR-SO3Na adsorption were 440 

determined and shown in Fig. 10. For the convenience of understanding, the adsorbent 441 

after CR-SO3Na adsorption is named as HC/Fe3O4-CR-SO3Na. After the adsorption of 442 

CR-SO3Na by the HC/Fe3O4, a new characteristic band attributed to the SO3
− group of 443 

CR-SO3Na was observed at 1112 cm-1 (Bai et al. 2020), confirming that CR-SO3Na is 444 

successfully adsorbed by the HC/Fe3O4. The  absorption peak at about 3408 cm-1 445 

corresponding to the stretching vibration of the hydroxyl group of the HC/Fe3O4 was 446 

apparently weakened and red-shifted. This is because after the HC/Fe3O4 adsorbs CR-447 

SO3Na molecules, the H atom of the OH group on the HC/Fe3O4 interacts with the O 448 

atom of the SO3
− group or the N atom of the NH2 group of CR-SO3Na, this interaction 449 

results in an elongation of the O–H bond on the HC/Fe3O4, generating the red-shift of 450 

the stretching vibration of O–H  (Jiang et al. 2022). It is also found that the absorption 451 

peaks at 2919, 1352, 1056 cm-1 keep almost invariable, indicating that the OH group on 452 

the HC/Fe3O4 play an important role in the adsorption of CR-SO3Na moolecules.  453 
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 454 

Fig. 10 FT-IR spectra of the HC/Fe3O4 before and after the adsorption of CR-SO3Na 455 

 456 

To further help understand how CR-SO3Na was adsorbed by the HC/Fe3O4, Fig. 457 

11 shows the schematic diagram of the possible interaction of the HC/Fe3O4 with CR-458 

SO3Na.  The adsorption of CR-SO3Na by the HC/Fe3O4 primarily results from the 459 

following interactions. Firstly, the hydrogen bond interactions between the hydroxyl 460 

groups on the HC/Fe3O4 and CR-SO3Na molecules facilitate the adsorption of CR-461 

SO3Na (Jiang et al. 2022, Xu et al. 2019). Secondly, the electrostatic interaction 462 

between CR-SO3Na molecule and the HC/Fe3O4 is also an important driving force for 463 

the adsorption of CR-SO3Na. For example, the protonated hydroxy groups on the 464 

HC/Fe3O4 under acidic conditions can generate electrostatic attraction towards to SO3
− 465 

of CR-SO3Na, the negative OH- on the HC/Fe3O4 under acidic conditions can generate 466 

electrostatic repulsion towards to SO3
− of CR-SO3Na. This is why acidic conditions are 467 

favorable to CR-SO3Na adsorption, but not alkaline conditions (see Fig. 5a-b). Finally, 468 

the  interaction between the HC/Fe3O4 and the aromatic ring of CR-SO3Na is 469 

beneficial to CR-SO3Na adsorption (Chaukura et al. 2017).   470 
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 471 

Fig. 11 Schematic diagram of the possible interaction of CR-SO3Na molecules with the 472 

HC/Fe3O4 473 

Conclusions  474 

The magnetic HC/Fe3O4 spherical materials with porous property, an efficient 475 

adsorption capacity of CR-SO3Na and an good reusability were developed, which were 476 

readily fabricated via simply mixing HC and PGDE in NaOH aqueous solution 477 

followed by subsequent introduce of Fe3O4 at ambient temperature. The adsorption 478 

process could be well described by the pseudo-second-order kinetic model instead of 479 

the pseudo-first-order kinetic model, and the intraparticle diffusion of CR-SO3Na from 480 

the exterior surface to the interior surface of the HC/Fe3O4 was the rate-controlling step. 481 

CR-SO3Na was adsorbed by the HEC/Fe3O4 mainly by a monolayer homogeneous 482 

adsorption process on a homogeneous adsorbent surface, and a multilayer adsorption 483 

process on a heterogeneous surface meanwhile also took place. The adsorption of CR-484 

SO3Na by the HC/Fe3O4 was a exothermic and spontaneous process as well as a 485 

decreased randomness at the solid/solution interface based on thermodynamic analysis. 486 
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The adsorption of CR-SO3Na by the HC/Fe3O4 mainly results from the following 487 

contributions such as the hydrogen bond interactions of the HC/Fe3O4 with CR-SO3Na 488 

molecules and the electrostatic interaction between CR-SO3Na molecules and the 489 

HC/Fe3O4. It is expected that this work can provide valuable information for the facile 490 

fabrication of novel ecofriendly, low price and efficient adsorbent materials for 491 

removing dye pollutants from wastewaters.  492 
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