
Highly-porous Uniformly-sized Amidoxime-
functionalized Cellulose Beads Prepared by
Micro�uidics with N-methylmorpholine N-oxide
Seung-Yeop Baek 

Kyungpook National University
Soo-Young Park  (  psy@knu.ac.kr )

Kyungpook National University https://orcid.org/0000-0001-6796-4929

Research Article

Keywords: cellulose, micro�uidics, N-methylmorpholine N-oxide, amidoxime, metal adsorption, �lter

Posted Date: February 24th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-221648/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-221648/v1
mailto:psy@knu.ac.kr
https://orcid.org/0000-0001-6796-4929
https://doi.org/10.21203/rs.3.rs-221648/v1
https://creativecommons.org/licenses/by/4.0/


1 

Highly-porous uniformly-sized amidoxime-1 

functionalized cellulose beads prepared by 2 

microfluidics with N-methylmorpholine N-oxide 3 

Seung-Yeop Baek and Soo-Young Park* 4 

School of Applied Chemical Engineering, Polymeric Nano Materials Laboratory, 5 

Kyungpook National University, Daegu 41566, Republic of Korea. E-mail: 6 

psy@knu.ac.kr 7 

*Corresponding author 8 

 9 

Abstract: Uniformly-sized porous cellulose beads functionalized with amidoxime groups were 10 

prepared for the first time using a microfluidic method with N-methylmorpholine N-oxide 11 

(NMMO) monohydrate as a cellulose solvent. The molten state cellulose dope in NMMO 12 

monohydrate (cell/NMMO dope) as a disperse phase and hot mineral oil as a continuous phase 13 

were used in a T-junction microfluidic chip to produce uniformly-sized cell/NMMO droplets. 14 

Coagulation of the molten state cell/NMMO droplet at high temperature and amidoxime 15 

functionalization could prepare the highly-porous spherical amidoxime-functionalized cellulose 16 

beads with a uniform fibrous open internal structure. The prepared amidoxime-functionalized 17 

cellulose beads showed excellent metal adsorption properties with a maximum adsorption capacity 18 

of ~80 mg g−1 in the case of Cu2+/phthalate ions. The newly developed highly-porous cellulose 19 

beads can open many new applications with other proper functionalization at the reactive hydroxyl 20 

groups of the cellulose. 21 
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 25 

Introduction 26 

Cellulose, a linear polysaccharide, is the most abundant and renewable biopolymer in nature 27 

(Klemm et al. 2011) and has been widely studied because of its unique properties, such as 28 

biocompatibility, biodegradability, eco-friendliness, cost-effectiveness, and easy modification. 29 

This natural polymer cannot be melted (by heating) and solubilized (in common organic solvents) 30 

because of its strong intra- and interchain hydrogen bonding. The cellulose can be a processible 31 

liquid form by derivatized chemical modification or direct dissolution with specific solvents. 32 

Traditional viscose technology uses derivatization in which cellulose xanthogenate is formed as an 33 

intermediate derivative. However, this process produces environmentally hazardous byproducts 34 

such as carbon disulfide and hydrogen sulfide (Fink et al. 2001). The direct dissolution process is 35 
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purely physical without any structural changes (Rosenau et al. 2002). Of the many solvents for 36 

direct dissolution, N-methylmorpholine N-oxide (NMMO) is a well-known commercialized 37 

solvent (Lidhure et al. 2019). Nontoxic NMMO is economically favorable because it is mostly 38 

recycled and reusable (Dawson 2012; Rosenau et al. 2001). NMMO is used in hydrated forms to 39 

dissolve cellulose. According to the phase diagram of the NMMO/water/cellulose mixture, the 40 

NMMO monohydrate can dissolve cellulose up to 13 wt% (Lidhure et al. 2019). The melting 41 

temperature of the NMMO monohydrate is ~76°C; therefore, the NMMO monohydrate should be 42 

heated to ~80°C to make the cellulose/NMMO (cell/NMMO) dope. Upon cooling, the cell/NMMO 43 

dope becomes solid at temperatures between 20°C and 40°C (Biganska et al. 2002). 44 

Cellulose and cellulose derivatives have been used as adsorbents in the form of hydrogels, 45 

films, beads, microfibers, and microcrystals (Hua et al. 2019). The cellulose beads can be prepared 46 

by sequentially forming spherical cell/NMMO dope, solidification via temperature decrease, and 47 

coagulation with water (Gericke et al. 2013). The cellulose beads can be used for the stationary 48 

phase in chromatography, protein purification, and drug delivery (Alam et al. 2019). The cellulose 49 

beads prepared from the cell/NMMO dope have much porosity because a large amount of NMMO 50 

is extracted from the cell/NMMO dope during coagulation. Their high porosity enhances the 51 

interfacial area available for interactions with the target molecules when using the cellulose beads 52 

as adsorbents. However, the cellulose beads prepared from lower cellulose concentrations have 53 

weak mechanical properties (although they provide high porosity); therefore, crosslinking is 54 

necessary to enhance mechanical properties. The temperature and composition of the coagulation 55 

medium also influence the morphology, internal surface area, and pore size distribution. Hence, to 56 

take full advantage of cellulose beads, the porosity and surface area should be controlled and 57 

optimized with coagulation conditions because they determine the adsorption capacity of the 58 

cellulose beads. The size of the cellulose bead depends on the manufacturing method such that 59 

conventional dropping and dispersion techniques produce cellulose droplets with a size above and 60 

below ~350 μm, respectively, with a certain size distribution (Gericke et al. 2013; Rosenberg et al. 61 

2007). Recently, the microfluidic method has become common for producing uniformly-sized 62 

particles. However, in our limited knowledge, highly controlled manufacturing methods for 63 

producing cellulose beads using microfluidics have not yet been developed using NMMO 64 

monohydrate as a solvent of cellulose. 65 

The pollution of water resources with harmful metals, such as lead, mercury, cadmium, 66 

copper, iron, and chromium, is a serious threat to humans (Sharma et al. 2007). Thus, detecting 67 

and removing such harmful metals in water has been critical for modern society. Various efficient 68 

but expensive methods are proposed to remove heavy metal ions from industrial effluents using 69 

ion-exchange, reverse osmosis, and electrodialysis techniques (Bolto and Pawłowski 1987; 70 

Geckeler et al. 1988; Pawlowski 2015). Chemical precipitation is promising, but the generation of 71 

precipitated bulky hydroxides is often a major disadvantage. Functional cellulose beads were 72 

prepared as biocompatible adsorbents for water treatment using chemical functionalization or 73 

blending cellulose with organic and inorganic compounds. For example, the cellulose beads 74 

carrying carboxylate groups possess high adsorption capacity for calcium, copper, silver, and lead 75 

(Hirota et al. 2009), and those prepared by blending using alginate or chitosan were applied for 76 
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removing cadmium and copper (Twu et al. 2003; Zhang et al. 2005). The cellulose modified using 77 

amine-containing functional groups (aminoalkyl  and 2, 2-diaminodiethylamine) or an anionic 78 

moiety (phosphate, thiolate, carboxyl, and carboxymethyl) has been reported for applications to 79 

metal adsorption (Saliba et al. 2000a). Strong fixation of metal ions, especially multivalent ones, to 80 

cellulose beads has been achieved by coupling with specific ligands that possess multiple 81 

functional groups for metal complexation (Diviš et al. 2009; Matúš and Kubová 2005). Several 82 

chelating ligands such as diamines, iminodiacetic acid, or ethylenediaminetetraacetic acid have 83 

been coupled to cellulose beads (Boeden et al. 1991; He et al. 1999; Kahovec et al. 1980; 84 

Yeomans‐Reina et al. 2001). The cellulose beads functionalized with amidoxime groups were also 85 

used as metal adsorbents (Saliba et al. 2000b). Amidoxime groups have hydroxyamino (=N–OH) 86 

and amino (–NH2) groups at the same carbon atom, offering the fused features of amide, oxime, 87 

amidine, and hydroxamic acid functionality (Li et al. 2013b). Adsorption occurs through sharing 88 

or exchanging electrons between the transition metal ions and amidoxime ligand (Rahman et al. 89 

2016; Wang et al. 2015). Amidoxime groups have no affinity for the common metallic cations 90 

(Na+, K+, Ca2+, and Mg2+) but have a strong tendency to form a chelate complex with various 91 

transition and heavy metal ions (Pb2+, Cu2+, Fe3+, and Cd2+) in an aqueous solution. The selective 92 

chelation of metal cations of the amidoxime group has been widely applied for fabricating 93 

functional materials. For example, chelating resins, gels, fibers, microbeads, and membranes 94 

functionalized with amidoxime groups were prepared for removing heavy toxic metal ions, 95 

enriching and selective recovery of precious metals from natural water and industrial wastewater, 96 

and detecting heavy metal ions (Li et al. 2013a). The amidoxime-functionalized materials also 97 

have potential applications in CO2 capture and storage (Zulfiqar et al. 2011). 98 

In this study, uniformly-sized, highly-porous, expandable, and amidoxime-functionalized 99 

cellulose (O-cellulose) beads were prepared with the cell/NMMO dope using a microfluidic 100 

method. Here stable cell/NMMO droplets in mineral oil were produced with T-junction at 80°C, 101 

followed by coagulation in THF/water mixture, crosslinking with epichlorohydrin, and amidoxime 102 

functionalization. The structures of the produced cellulose depended on the state of the 103 

cell/NMMO droplet (solid or molten) and the temperature of the coagulation bath (hot or cold). 104 

The relationship between the internal structure and adsorption properties was studied using 105 

samples prepared from a critical point drying (CPD) method with liquid CO2. The prepared O-106 

cellulose beads showed high affinity to multivalent metal ions that were studied by Langmuir 107 

isotherm. The relationship between the internal structure and adsorption property was established, 108 

with the cellulose beads having various porous structures prepared by different coagulation 109 

conditions. The uniformly-sized porous cellulose beads can be easily expanded to other 110 

applications because of the easy introduction of different functional groups. 111 

 112 
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Experimental 113 

Materials 114 

Cellulose powder and NMMO monohydrate were obtained from KOLON (South Korea), and 115 

epichlorohydrin (ECH) and acrylonitrile (AN) were purchased from Daejung (South Korea). 116 

Sodium hydroxide (NaOH), sodium carbonate (NaCO3), hydroxylamine hydrochloride 117 

(NH2OH·HCl), tetrahydrofuran (THF), methanol (MeOH), and potassium hydrogen phthalate 118 

(KHP) were purchased from Duksan. Tetramethylammonium (TMA) chloride ((CH3)4N+Cl−), 119 

copper(II) nitrate hexahydrate (Cu(NO3)2·6H2O), cadmium(II) nitrate (Cd(NO3)2), and iron(III) 120 

chloride hexahydrate (FeCl3·6H2O) were purchased from Junsei (Japan). Lead(II) nitrate 121 

(Pb(NO3)2), nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O), calcium(II) nitrate tetrahydrate 122 

(Ca(NO3)2·4H2O), zinc(II) nitrate hexahydrate (Zn(NO3)2·6H2O), and chromium(II) chloride 123 

hexahydrate (Cr(NO3)2·6H2O) were purchased from Sigma Aldrich (USA). All chemicals were 124 

used as-received without further purifications. 125 

 126 

Preparation of uniformly-sized cellulose droplets 127 

Scheme 1a summarizes the overall schematics of producing cellulose beads using 128 

microfluidics. The following is a detailed description of the preparation procedure. The NMMO 129 

monohydrate (100 g) was melted in a round-bottom glass tube (outer diameter = 60 mm, length = 130 

180 mm) at 80°C in which the cellulose powders (4 g) were dissolved using a screw-type propeller 131 

(diameter = 125 mm, pitch = 35 mm) at 80°C for 2 h. The dissolved cell/NMMO dope was 132 

degassed by maintaining it at 90°C for 2 h with a rubber cap on the top to prevent water 133 

evaporation in the NMMO monohydrate. The degassed dope was transferred to a plastic syringe 134 

(inner diameter = 20.05 mm) to use as a dispersed phase (DP) in microfluidics. Mineral oil with 135 

EM90 (3 wt%) in a plastic syringe (inner diameter = 15.90 mm) was used as a continuous phase 136 

(CP). The CP and DP were connected to the T-junction microfluidic chip (PEEK, P-713, IDEX, 137 

USA), (thru-hole diameter = 1.25 mm) with two separated syringe pumps (LEGATO 100, KD 138 

Scientific, USA). 139 

A syringe containing the cell/NMMO dope and the T-junction microfluidic chip is in a bath 140 

filled with ethylene glycol at 85°C (Scheme 1a). The flowrates of the DP and CP (Qd and Qc) were 141 

controlled at 2.0 and 23 μL min−1, respectively, unless otherwise mentioned. When the 142 

cell/NMMO dope meets at the edge of the T-junction, the cell/NMMO droplet was formed. Four 143 

cellulose beads samples were prepared, depending on the cell/NMMO droplet’s state during 144 

coagulation and coagulation temperature. The cell/NMMO droplet during coagulation can be a 145 

solid state (S) or molten state (M). The S cell/NMMO droplets were prepared by cooling the M 146 

cell/NMMO droplets in the CP of hot mineral oil by mixing them with a significant amount of 147 

cold mineral oil in a beaker that was placed into an ice-water bath before. The cell/NMMO 148 

droplets were coagulated at low S and high M coagulation temperatures, representing the S and M 149 

of NMMO monohydrate, respectively. The S cell/NMMO droplets were coagulated by removing 150 
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the mineral oil from the beaker containing the S cell/NMMO droplets, refilling the beaker with 151 

THF to mix with the remaining mineral oil, removing THF, refilling the beaker with water at 30°C 152 

(S) or 60°C (M), and maintaining them for 30 min. The M cell/NMMO droplets were coagulated 153 

using the following method. The CP hot mineral oil (85°C) containing the M cell/NMMO droplets 154 

appearing from the microfluidic chip was directly dropped into the THF/water mixture (50/50, v/v) 155 

at 30°C (S) or 60°C (M). The THF/water mixture was used during coagulation because the CP 156 

mineral oil containing the cell/NMMO droplets could not be removed in the water bath because of 157 

the immiscibility between water and mineral oil. The coagulated cellulose spherical beads were 158 

filtered using filter papers (Advantec, 110 mm) and washed with water several times. The 159 

produced cellulose beads are denoted as cellulose (S-S), (S-M), (M-S), and (M-M) beads, where 160 

the first S and M represent the solid and molten states of the cell/NMMO droplet, respectively, and 161 

the second S and M represent cold and hot coagulation temperatures, respectively. 162 

 163 
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Scheme 1. (a) The overall schematics of producing cellulose (S-S), cellulose (S-M), cellulose (M-164 

S), and cellulose (M-M) beads using a T-junction microfluidic chip at 85°C. CP and DP are 165 

continuous and disperse phases, respectively. (b) Crosslinking (X-cellulose) and functionalization 166 

with AN (CN-cellulose) and NH2OH (O-cellulose) to incorporate amidoxime groups in the 167 

cellulose beads. 168 

 169 

Preparation of O-cellulose beads 170 

The cellulose beads were crosslinked with ECH (Scheme 1b). The ECH reacting with 171 

hydroxyl groups of the cellulose introduces oxirane moieties that can further react with hydroxyl 172 

groups of the same or another cellulose chain nearby (Gough 1967). The detailed reaction 173 

conditions are as follows. Briefly, the cellulose beads (0.1 g) were dispersed in an aqueous NaOH 174 

solution (3 wt%, 20 mL) under magnetic stirring for 30 min. The ECH/MeOH (3.08 g (1.54 g 175 

each), 1:3 mole ratio of anhydrous glucose unit (AGU):ECH) was added dropwise, under magnetic 176 

stirring at 60°C for 1 h. After the reaction, the reaction medium was washed with water until a pH 177 

7. The crosslinked cellulose (X-cellulose) beads were dried at 25°C for 2 h in a vacuum oven. The 178 

amidoxime groups were introduced into the cellulose beads (Scheme 1b). The dried X-cellulose 179 

beads were further functionalized with AN to introduce the −CN groups as follows. Briefly, the X-180 

cellulose beads (0.1 g (0.55 mM)) were dispersed in 20 mL AN into which a 0.56 mL MeOH 181 

solution containing 5 wt% TMA chloride was added. A 0.75 mL MeOH solution containing 10 182 

wt% sodium hydroxide at 0°C was added dropwise. The reaction was maintained at 25°C for 2 h 183 

under magnetic stirring and finally, washed with water until the medium’s pH reached 7. The CN-184 

functionalized cellulose (CN-cellulose) beads were further reacted with NH2OHHCl to introduce 185 

the amidoxime groups as follows. NH2OHHCl (8 g), Na2CO3 (6 g), and CN-cellulose beads (0.1 186 

g) were added to a 250 mL beaker, to which 100 mL water was added and sealed. The reaction 187 

was maintained at 70°C for 12 h. After the reaction, the O-cellulose beads were washed several 188 

times with water to remove the remaining salts. Water was replaced with MeOH, and the O-189 

cellulose beads were dried in a vacuum oven at 25°C. 190 

 191 

Critical point drying 192 

To prepare cellulose bead samples for scanning electron microscope (SEM) and porosity/inner 193 

surface area determination, the CPD method with liquid CO2 was used (Pinnow et al. 2008; Trygg 194 

et al. 2013) because the simple evaporation of water by vacuuming, heating, and air-drying results 195 

in the hornification of the bead surface and loss of their significant porosity and surface area 196 

(Gericke et al. 2013). Lyophilization (freeze-drying) also causes water volume expansion upon 197 

freezing and the growth of ice crystals, resulting in a micro- and mesopore collapse in cellulose 198 

beads (Pinnow et al. 2008). For CPD with liquid CO2, water should be stepwise exchanged by 199 

ethanol, acetone, and liquid CO2, which is removed under supercritical conditions. To investigate 200 
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the internal structure of the prepared cellulose beads using the CPD method, the CPD container 201 

was home-made (Fig. S1). Detail CPD procedures can be found in Text S1. 202 

 203 

Measurements 204 

Attenuated total reflection (ATR)–Fourier transform infrared (FTIR) (ATR–FTIR) spectra 205 

were recorded in the range of 500–4000 cm−1 at an average of 64 scans using an FTIR 206 

spectrometer (Frontier, PerkinElmer, USA). The dried samples were ground into a fine powder 207 

using a pestle and mortar. Field-emission (FE)-SEM (FE-SEM; SU8220, Hitachi, Japan) images of 208 

the cellulose beads were obtained from the fractured surfaces of the platinum-coated epoxy-209 

molded samples. The samples for SEM were dried using the CPD method with liquid CO2. The 210 

epoxy molding was performed by positioning the beads in the cap (Cavity Embedding Mold, Ted 211 

Pella, USA), filling the cap with an epoxy mixture of EPON (2 mL), DDSA (1.25 mL), NMA 212 

(1.25 mL), and DMP (0.075 mL), curing at 60°C for 24 h, and breaking by half with a vise. The 213 

cellulose beads were observed using an optical microscope (ANA-006, Leitz, Germany) equipped 214 

with a digital camera (STC-TC83USB-AS, SenTech, Japan) with a transmission mode. The 215 

Cu2+/phthalate solution concentration was determined using ultraviolet (UV)–visible (vis) (UV-216 

vis) spectroscopy (UV-2401PC, Shimadzu, Japan). The chemical composition of the cellulose 217 

beads was studied using an elemental analyzer (EA, Flash 2000, ThermoFisher, USA). The 218 

concentrations of the metal ions in water were investigated using an inductively-coupled plasma 219 

spectrometer (ICP, Optima 7300DV, PerkinElmer, USA). The surface area of the cellulose beads 220 

(S-S, M-M) was determined using a surface area and pore size analyzer (Quadrasorb Evo, 221 

Quantachrome, Austria) using the Brunauer–Emmett–Teller (BET) method. The samples for BET 222 

analysis were dried using the CPD method with liquid CO2 and pre-treated at 100°C for 12 h in a 223 

vacuum oven. 224 

 225 

Adsorption of metal ions 226 

A Cu2+/phthalate complex aqueous solution was used to demonstrate the O-cellulose beads’ 227 

performance on the Cu2+ ion detection using UV-vis spectroscopy. It was prepared by dissolving 228 

Cu(NO3)2 (controlled from 50 to 1000 ppm) and KHP (4.08 g, 0.2 M, excess) in water (100 mL). 229 

Fig. S2(a) shows the UV-vis spectra of the Cu(NO3)2 (1000 ppm), KHP (0.2 M), and 230 

Cu2+/phthalate (1000 ppm/0.2 M) complex aqueous solutions. The Cu(NO3)2 aqueous solution’s 231 

UV-vis spectrum shows a small peak at 780 nm. However, the Cu2+/phthalate complex aqueous 232 

solution’s UV-vis spectrum shows a strong absorption peak at 730 nm with a hypochromic shift, 233 

consistent with reported results (Saliba et al. 2000b). The Cu2+/phthalate complex aqueous 234 

solution’s calibration curve (730 nm) was obtained at different concentrations with a linear 235 

regression curve (r2 = 0.998) (Fig. S2(b)). Each adsorption experiment was conducted thrice to 236 

investigate the adsorption behavior of metal ions onto the cellulose bead adsorbent. The 237 

concentrations of the aqueous metal-ion solutions before and after adsorption were measured using 238 
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a UV-vis spectrophotometer (UV-1800, Shimadzu Corporation, Japan) at a wavelength range of 239 

400–800 nm. The adsorption capacity (qt) for the Cu2+/phthalate complex was evaluated using 240 

equation (1). 241 𝑞𝑡 = (𝐶0−𝐶𝑡)×𝑉𝑚      (1) 242 

where C0 (mg L−1) and Ct (mg L−1) are the dye concentrations at the initial time and time t, 243 

respectively, V (L) is the volume of the dye solution, and m (g) is the weight of the dried 244 

adsorbent. 245 

 246 

Desorption of metal ions 247 

For the desorption experiment, the metal-ion-loaded O-cellulose beads were immersed in 8 248 

mL of 2 M HCl for 30 min under magnetic stirring at 25°C, and the O-cellulose beads were 249 

regenerated into the initial form after sequentially rinsing with water and pH 6 buffer solution 250 

several times. The adsorption test was performed again by magnetic stirring regenerated O-251 

cellulose beads (4 mg) in Cu2+/phthalate solution (4 mL, 1000 ppm) at pH 7 for 2 h. The 252 

adsorption/desorption cycle was repeated five times to investigate the recyclability of the O-253 

cellulose bead. 254 

Results and discussion 255 

Production of cellulose beads using microfluidics 256 

To find the optimum Qd and Qc in microfluidics, the cellulose (4 wt%)/NMMO dope was 257 

evaluated at different Qd and Qc in the T-junction microfluidic chip. The production of the 258 

cell/NMMO droplet in the T-junction microfluidic chip in the ethylene glycol bath could not be 259 

monitored in situ through an optical microscope; therefore, the cellulose (M-M) bead’s shape after 260 

coagulation was examined as a model study. Fig. 1a shows the matrix diagram of processability at 261 

different Qd and Qc. The matrix graph can be divided into three regions representing the non-262 

processible condition (Region I) and conditions for producing asymmetric-prolate (Region II) and 263 

symmetric-spherical (Region III) cellulose beads. The inset figures show representative optical 264 

microscopy images of the cellulose beads. When Qc > ~10.0 L min−1 and Qd > ~1.0 L min−1 265 

(Region III), the symmetric-spherical cellulose beads were produced. In the case of 6.0 L min−1 < 266 

Qc < 10.0 L min−1 (Region II), the asymmetric elongated prolate cellulose beads were produced. 267 

When Qc < 6.0 L min−1 (Region I), the droplets could not be produced. 268 

At low capillary numbers (low Qc) in the T-junction chip, droplets are formed in a squeezing 269 

mode, forming a pressure gradient across the droplet as it is formed (Seemann et al. 2011). 270 

Droplets generated in the squeezing mode travel through the channel as a plug confined by the 271 

channel walls. As the Qc increases (i.e., the capillary number increases), droplet generation transits 272 

from the squeezing to the dripping mode. It is unclear whether Region III (highest Qc) is in the 273 

dripping mode or not (Zhu and Wang 2017). For clarification, the cellulose/NMMO droplets 274 
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produced at Qd = 4 μL min−1 and Qc = 30 μL min−1 (high Qc in Region III) were evaluated at 275 

different coagulation temperatures. Figs. 1b and c show the optical microscopy images of the 276 

cellulose beads coagulated from the M and S cell/NMMO droplets at different temperatures, 277 

respectively. Both M and S cell/NMMO droplets are the same at the T-junction in the microfluidic 278 

chip. In the case of the M cell/NMMO droplets (Fig. 1b), ellipsoidal cellulose beads were 279 

produced at Tcoa = 10°C, 20°C, 30°C, and 40°C, although spherical cellulose beads were at Tcoa > 280 

50°C. The cellulose beads prepared at Tcoa > 50°C represent cellulose (M-M) beads. The 281 

ellipsoidal shape of the cellulose beads produced at low Tcoa indicates that the cell/NMMO 282 

droplets at the T-junction were produced in the squeezing mode. 283 

The shear stress generated at the T-junction of the microfluidic chip during droplet production 284 

can be easily released during coagulation in the case of the cellulose (M-M) bead because of high-285 

temperature coagulation of the M cell/NMMO droplet. Thus, spherical cellulose could be observed 286 

for cellulose (M-M) beads, although they were formed in the squeezing mode. The squeeze mode 287 

is evident from the S cell/NMMO droplets (Fig. 1c). Ellipsoidal cellulose beads were produced at 288 

all studied Tcoas because the ellipsoidal shape of the cell/NMMO droplets at the T-junction was 289 

fixed during cooling the cell/NMMO droplets to make the S cell/NMMO droplets. Thus, the 290 

cell/NMMO droplets at the T-junction are in the squeezing mode. We could not increase Qc to 291 

reach the dripping mode because of the limitation of the syringe pump because of the high 292 

viscosity of cell/NMMO dope. 293 
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 294 

Fig. 1. (a) Matrix diagram of the formation of cellulose (M-M) beads prepared at different Qd and 295 

Qc with three regions representing the non-processible condition () and the conditions for 296 

producing asymmetric-prolate () and symmetric-spherical cellulose () beads. (b, c) Optical 297 

microscopy images of the cellulose beads coagulated from (b) the M cell/NMMO droplets and (c) 298 

the S cell/NMMO droplets coagulated at (i) 10°C, (ii) 20°C, (iii) 30°C, (iv) 40°C, (v) 50°C, and 299 

(vi) 60°C. The same scale bar (0.5 mm) is applied to all figures in (b) and (c). 300 

 301 

The size distribution of cellulose beads produced under different coagulation conditions was 302 

examined. Fig. 2 shows the size distribution of cellulose (S-S), (S-M), (M-S), and (M-M) beads. 303 

An ellipsoidal shape is observed from cellulose (S-S), (S-M), and (M-S) beads, whereas a 304 

spherical shape is observed from cellulose (M-M) beads, as discussed before. The uniformly-sized 305 

ellipsoidal cellulose (S-S), (S-M), and (M-S) beads were obtained with a long axis of 1219.3±78.7 306 

μm and a short axis of 779.4 ± 42.9 μm with a narrow size distribution. The spherical cellulose 307 

(M-M) beads were obtained with a diameter of 784 ± 24.8 μm with a narrow size distribution. The 308 

cellulose beads coagulated at the molten state (cellulose (S-M) and (M-M)) are whitish compared 309 
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to those coagulated at the solid state (cellulose (S-S) and (M-S)), indicating that the internal 310 

structure coagulated at the molten state is different from that at the solid state. The coagulation 311 

occurs through water diffusion into the cell/NMMO droplet; therefore, the coagulation temperature 312 

is critical to control the internal porous structure of the cellulose bead because the produced 313 

coagulated structure is governed by the rate of water diffusion, which also strongly depends on the 314 

coagulation temperature. The internal structure was studied using a dried sample prepared using 315 

the CPD method. 316 

 317 

 318 

Fig. 2. Size distribution graphs of the produced (a) cellulose (S-S), (b) cellulose (S-M), (c) 319 

cellulose (M-S), and (d) cellulose (M-M) beads prepared at Qd = 4 μL min−1 and Qc = 30 μL min−1. 320 

The size distribution graphs are for long and short axes of the prolate spheroid in the cases of 321 

cellulose (S-S), (S-M), and (M-S), and the diameter of the sphere in the case of cellulose (M-M). 322 

The inset graphs are photographic images. 323 

 324 
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 325 

Fig. 3. (a) SEM images of the fractured surfaces of the cellulose (i) (S-S), (ii) (S-M), (iii) (M-S), 326 

and (iv) (M-M) beads. The samples were dried using the CPD method. The right upper insets are 327 

enlarged images of core parts (red square box), and the left upper insets are enlarged images of 328 

shell parts (blue square box). (b) The Dc/DT of cellulose beads prepared from the S () and M () 329 

cell/NMMO droplets as a function of coagulation temperature (Tcoa), where Dc and DT are the core 330 

and total diameters along the short axis, respectively. 331 
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 332 

Structure of the cellulose bead 333 

Morphologies of the prepared cellulose beads were analyzed with samples dried using the 334 

CPD method. Fig. 3 shows the SEM images of the fractured surfaces of cellulose (S-S), (S-M), 335 

(M-S), and (M-M) beads. During coagulation, water dilutes the NMMO content in the cell/NMMO 336 

droplet, and the diluted NMMO has low solvation power of cellulose, leading the phase 337 

separation. For cellulose (S-S) (Fig. 3a(i)) and (M-M) (Fig. 3a(iv)) beads, the internal structures 338 

are homogeneous, although the cellulose (M-M) bead is coarser and more porous than the 339 

cellulose (S-S) bead. The reason could be that the dissolved cellulose chains in the M cell/NMMO 340 

droplet are coagulated (phase-separated) with high mobility to form large phase-separated fibrous 341 

bundles in the case of the cellulose (M-M) bead. The surface areas of cellulose (S-S) and (M-M) 342 

beads measured using a BET method are 196 and 218 m2 g−1, respectively, indicating that 343 

cellulose (M-M) beads have a more porous structure, consistent with morphology data from SEM. 344 

Thus, spherical homogeneous cellulose (M-M) beads with open and porous structures were studied 345 

for further tests. For cellulose (M-S) beads (Fig. 3a(iii)), M cell/NMMO droplets were directly 346 

dropped into the THF/water mixture (at 30°C) during coagulation. The outer surface of the 347 

cell/NMMO droplet in the molten state contacts the cold THF/water mixture in the coagulation 348 

beaker; therefore, the outer part of the cell/NMMO droplet becomes solid but the inner part is still 349 

in the molten state because the temperature cannot be cooled enough to become a solid state 350 

during initial coagulation. Thus, the structure in the outer part of the cellulose (M-S) bead is 351 

different from that in the inner part. The outer and inner parts were coagulated in solid and molten 352 

states, respectively, so that the structure of the core is coarser than that of the shell, as discussed 353 

with cellulose (M-M) and (S-S) beads (Fig. 3a(i), (iv)). For cellulose (S-M) beads (Fig. 3a(ii)), the 354 

S cell/NMMO droplet was dropped into hot water (at 60°C) during coagulation; therefore, the S 355 

cell/NMMO droplet was changed to the M cell/NMMO droplet by heating through hot water. 356 

However, the outer part was coagulated (phase-separated) quickly in the solid state before 357 

reaching the melting temperature for the S cell/NMMO droplet, although the thickness of the shell 358 

is small (Fig. 3a(ii)). Thus, similar to the cellulose (M-S) beads, the coagulation between the outer 359 

and inner parts is different to make the core/shell structure; therefore, the outer and inner parts are 360 

coagulated in solid and molten states, respectively. 361 

The effect of the coagulation temperature on the thickness of the shell was studied. Fig. 3b 362 

shows the Dc/DT of cellulose beads (prepared from S and M cell/NMMO droplets) as a function of 363 

the coagulation temperature (Tcoa), where Dc and DT are the core and total diameters (along the 364 

short axis), respectively. The DT and Dc were measured using optical microscopy and SEM images 365 

(Fig. S3), respectively, because the samples in epoxy for SEM image were distorted during sample 366 

preparation. When Dc/DT = 0 or 1, the cellulose beads are homogenous without a core/shell 367 

structure, although they are compact (closed) and coarse (fibrous) in the case of Dc/DT = 0 and 1, 368 

respectively, as discussed in cellulose (S-S) and (M-M) beads. The cellulose beads from the S 369 

cell/NMMO droplets show the homogenous compact structure (Dc/DT = 0) at Tcoa  40°C 370 

(cellulose (S-S) bead) and the core/shell structure at Tcoa > 40°C (cellulose (S-M) bead). The 371 
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cellulose beads from the M cell/NMMO droplets show the core/shell structure at Tcoa = 20°C–372 

50°C (cellulose (M-S) bead), and the homogeneous open structure (Dc/DT = 1) at Tcoa = 60°C 373 

(cellulose (M-M) bead). Thus, four types of cellulose beads could be made by controlling the 374 

cell/NMMO droplet’s state and coagulation temperature and the Tcoa can control the thickness of 375 

the shell. 376 

 377 

Preparation of O-cellulose beads 378 

The coagulated cellulose beads in water before drying had almost the same size as the 379 

cell/NMMO droplet. Thus, the dried cellulose beads should be shrunk significantly from the 380 

cellulose bead in the water because the solid content in the dope is only a few percent. When the 381 

dried cellulose bead is inserted into the water again for adsorption applications, the reswelling of 382 

the dried cellulose bead is critical to use as an adsorbent with a large surface area inside the 383 

cellulose bead. Fig. S4a shows the optical microscopy images of cellulose (M-M) beads without 384 

crosslinking before (in water) and after drying and reswelling of the dried cellulose beads. The 385 

completely dried cellulose did not swell to the original cellulose bead in the water, indicating that 386 

the hydrogen bonding bonds formed after drying prevent the reswelling of the dried cellulose 387 

beads. Fig. S4b shows the optical microscopy images of cellulose (M-M) beads with crosslinking. 388 

The completely dried cellulose beads swelled to the original cellulose bead in water, indicating 389 

that the crosslinking prevents hydrogen bonding formation after drying (Udoetok et al. 2016). 390 

Thus, crosslinking the cellulose bead promotes both stability and expansion ability. The degree of 391 

reswelling of the cellulose bead depended on the cellulose concentration in the dope, which will be 392 

discussed in a later section. 393 

Table 1 shows the diameters of the X-cellulose beads prepared at different cellulose 394 

concentrations in the dope before (in water) and after drying, and after reswelling of the dried 395 

cellulose beads. The diameters of the swollen, dried, and reswollen X-cellulose beads are denoted 396 

as D1, D2, and D3, respectively. The diameter of the dried X-cellulose bead (D2) increases as  397 

increases because the solid content in the cell/NMMO droplet increases as  increases. However, 398 

the ratio between reswollen and dried cellulose beads (D3/D2) decreases as  increases. When 399 

crosslinking is performed at low, it effectively blocked the hydrogen bonding; therefore, the 400 

small collapsed dried X-cellulose beads (because of low ) can be swollen much but less than the 401 

original size before drying. Accordingly, the D3/D2 becomes larger as  decreases. However, the 402 

X-cellulose beads prepared at  = 2 and 3 wt% cannot be reswollen to the original size in water, 403 

but at  = 4 and 5 wt% reswelled to close to the original size (D1); D3/D1 = 0.5, 0.7, 0.9, and 1 at  404 

= 2, 3, 4, and 5 wt%, respectively. When  increases to 5 wt%, droplet fabrication became 405 

challenging because of its high viscosity. Thus, the X-cellulose beads prepared at  = 4 wt% were 406 

used for further experiments. 407 

 408 
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Table 1. Diameters of the X-cellulose beads prepared at different  before (in water) and after 409 

drying, and after reswelling of the dried cellulose beads. The diameters of the swollen, dried, and 410 

reswollen X-cellulose beads are denoted as D1, D2, and D3, respectively. The diameter of the initial 411 

cellulose beads before crosslinking is 784 ± 24.8 m for all s. 412 

Dope 

Concentration 

() 

(wt%) 

Swollen 

X-cellulose 

(D1) 

(m) 

Dried 

X-cellulose 

(D2) 

(m) 

Reswollen 

X-cellulose 

(D3) 

(m) 

Diameter 

Ratio 

(D3/D2) 

(Volume 

Ratio) 

2 800 100 400 
4 

(64) 

3 750 200 500 
2.5 

(16) 

4 650–750 250 580–700 
2.3 

(12.2) 

5 550–650 300 550–600 
1.8 

(5.8) 

 413 

The X-cellulose beads were functionalized with AN to make intermediate CN-cellulose beads 414 

that were further functionalized with NH2OH to make the final O-cellulose beads. FTIR 415 

spectroscopy confirmed the functionalization of X-, CN-, and O-cellulose. Fig. 4a shows the FTIR 416 

spectra of the cellulose, X-cellulose, CN-cellulose, and O-cellulose beads. The FTIR spectrum of 417 

the X-cellulose bead is close to that of cellulose because of the similarity of their functional 418 

groups. The FTIR spectrum of the CN-cellulose shows a characteristic–CN stretching band at 419 

2260 cm−1. The FTIR spectrum of the O-cellulose shows additional peaks at ~920, 1610, and 1670 420 

cm−1 because of the stretching vibration bands of –N–O, –N–H, and –C=N bonds in amidoxime 421 

(Saeed et al. 2008). Thus, the amidoxime groups were successfully introduced into the cellulose 422 

beads. The porous structures were studied using SEM with cellulose (M-M) beads and their 423 

functionalized cellulose beads (X-, CN-, and O-cellulose beads). Figs. 5 b and c show the SEM 424 

images of the outer and fractured surfaces, respectively, of cellulose, X-cellulose, CN-cellulose, 425 

and O-cellulose beads that were dried using the CPD method. The internal structures (from the 426 

fractured surface, Fig. 4c) of all cellulose beads are porous regardless of functionalization, 427 

although the outer surfaces exhibit a small, closed structure (Fig. 4b). The cellulose structure can 428 

easily collapse during the drying process because of the strong hydrogen bonding. The CPD is one 429 

of the best methods to preserve the swollen structure during drying. Thus, the open fibrous 430 

structure of cellulose beads can be observed. However, it is uncertain whether the observed closed 431 

structure from the outer surface is produced during CPD or initially exists because the even CPD 432 
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method can cause some hornification during drying. To figure out the origin of this observation, 433 

studies are necessary but out of this study’s scope. 434 

 435 

 436 

Fig. 4. (a) FTIR spectra of the (i) cellulose, (ii) X-cellulose, (iii) CN-cellulose, and (iv) O-cellulose 437 

beads. (b, c) SEM images of the (b) outer and (c) fractured surfaces of cellulose (M-M) beads 438 

dried using the CPD method; (i) cellulose, (ii) X-cellulose, (iii) CN-cellulose, and (iv) O-cellulose 439 

beads. The insets are enlarged images of the red square box. 440 

 441 

The degree of conversion from –OH to –CN groups for CN-cellulose beads and from –CN to 442 

amidoxime groups for O-cellulose beads were calculated using EA. Table S1 summarizes the EA 443 

results of cellulose, CN-cellulose, and O-cellulose beads. The contents of N are 4.31 and 10.05 444 
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wt% for CN-cellulose and O-cellulose beads, respectively, although those of C are ~44 ± 3 wt% 445 

for all cellulose beads. From EA data, the degree of conversion to –CN groups for CN-cellulose 446 

beads and to amidoxime groups for O-cellulose beads was calculated. Scheme S1 shows the 447 

chemical structure with x, y, and z where x, y, and z represent the number of –CN groups converted 448 

among three –OH groups, the number of converted –CN groups to the amidoxime groups, and the 449 

number of unconverted –CN groups, respectively, so that x = z + y. The molecular weights of one 450 

unit of CN- and O-cellulose are 180 + 54x and 180 + 54y + 87z, respectively, where 54 and 87 are 451 

molecular weights (per mole) of –CH2CH2CN and amidoxime (–CH2CH2C(=NOH)NH2) groups, 452 

respectively. The nitrogen contents in weight percentage are 14x/(180 + 54x) × 100 and (28z + 453 

14y)/(180 + 54y + 87z) × 100 for CN- and O-cellulose beads, respectively. The measured nitrogen 454 

contents are 4.31 and 10.05 wt% for CN- and O-cellulose beads, respectively, so that the 455 

calculated x, y, and z values (with x = y + z) are 1.5, 1.0, and 0.5, respectively. Thus, the degree of 456 

conversion from –OH to –CN groups (x) for CN-cellulose beads is 50% (1.5/3  100), and from –457 

CN to amidoxime group for O-cellulose is 33% (0.5/1.5  100). The degree of conversion of the 458 

amidoxime group is similar to the reported value of 40% from amidoxime-functionalized poly 459 

(acrylonitrile) (PAN) nanofibers, although it is produced by different reaction conditions with 460 

different concentrations of NH2OHHCl (Saeed et al. 2008). 461 

 462 

Isotherm of the metal-ion on O-cellulose bead 463 

The O-cellulose beads were used as an adsorbent for the Cu2+/phthalate complex in water. The 464 

Cu2+/phthalate complex enhances the intensity of Cu2+ in UV-vis spectroscopy, as discussed 465 

before. Fig. 5 shows the qt of the Cu2+/phthalate complex on O-cellulose beads as a function of 466 

elapsed time (telaps) at different concentrations. Curve-fitting was performed using equation (3) of 467 

the pseudo-first-order kinetics (Fig. 5a) and equation (5) of the pseudo-second-order kinetics (Fig. 468 

5b). The curve-fitted data of qe and k are the amount of adsorbed material at equilibrium and 469 

adsorption kinetic coefficient, respectively. The parameters of qe1 (and k1) for the first-order 470 

kinetics and qe2 (and k2) for second-order kinetics were calculated using modified equations (4) 471 

and (6) with plots of 𝑙𝑛(𝑞𝑒 − 𝑞𝑡) vs. t and t/𝑞𝑡 vs. t, respectively (Fig. S5). Table S2 472 

summarizes the curve-fitting results with parameters qe, k, and r2. The observed data are better 473 

curve-fitted with the second-order equation (5) than the first-order equation (3). r2 are 0.9610 and 474 

0.9919 for the first- and second-order equations, respectively. These results indicate that the 475 

adsorption mechanism is because of the chelating reaction between the transition metal ions and 476 

the amidoxime group (Rahman et al. 2016; Wang et al. 2015). 477 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡)    (3) 478 𝑙𝑛(𝑞𝑒 − 𝑞𝑡) = −𝑘1𝑡 + 𝑙𝑛𝑞𝑒    (4) 479 𝑞𝑡 = 𝑞𝑒22 𝑘2𝑡1+𝑞𝑒2𝑘2𝑡     (5) 480 
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t𝑞𝑡 = 1𝑞𝑒22 𝑘2 + 𝑡𝑞𝑒2     (6) 481 

 482 

Fig. 5. qt of the Cu2+/phthalate adsorption (at different concentrations) on O-cellulose beads 483 

prepared with cellulose (4 wt%)/NMMO droplets as a function of elapsed time (telaps) with curve-484 

fitting using (a) equation (3) of the pseudo-first-order kinetics and (b) equation (5) of the pseudo-485 

second-order kinetics. 486 

 487 

The isotherm was performed using Langmuir (equation (7)) and Freundlich (equation (9)) 488 

models, where qm is the adsorption capacity (related to the number of available binding sites), Ce is 489 

the aqueous phase concentration at equilibrium, KL and KF are the affinity constants for adsorption 490 

for the Langmuir (equation (7)) and Freundlich (equation (9)) models, respectively, and n is the 491 

index of heterogeneity. The parameters in equations (7) and (9) were calculated by performing 492 

linear curve fittings with modified Langmuir and Freundlich isotherm equations (8) and (10) with 493 

the Cu2+/phthalate complex at a concentration range of 25–1000 ppm at 25°C (Fig. 6). Table S3 494 

summarizes the calculated qm, K, and n. The r2 values of the Langmuir and Freundlich isotherm 495 

curves are 0.99 and 0.95, respectively, indicating that the Langmuir model is well-fitted with 496 

observed data and a saturated monolayer (not multilayer) of solute molecules on the adsorbent 497 

surface was formed during adsorption. The affinity constant of KL is 0.013 L·mg−1, similar to the 498 

reported value (0.014 L·mg−1) from poly(amidoxime) cellulose powder (Rahman et al. 2018). The 499 

calculated qm is ~81.30 mg g−1, which is larger than the reported value (52.70 mg g−1) from 500 

amidoxime-functionalized poly (acrylonitrile) (PAN) nanofibers with an oxime group conversion 501 

of 25% (Saeed et al. 2008). Thus, the prepared O-cellulose beads from cellulose (M-M) beads 502 

have large adsorption capability of metal ions. 503 𝑞𝑒 = 𝐾𝐿𝑞𝑚𝐶𝑒1+𝐾𝐿𝐶𝑒      (7) 504 

Ceqe = 1𝑞𝑚𝐾𝐿 + 𝐶𝑒𝑞𝑚     (8) 505 

𝑞𝑒 = 𝐾𝐹𝐶𝑒1 𝑛⁄
     (9) 506 log 𝑞𝑒 = log𝐾𝐹 + log𝐶𝑒𝑛     (10) 507 
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 508 

Fig. 6. (a, c) Isotherm curve and (b, d) its linear curve-fitting using modified equations (8) and (10) 509 

for (a, c) Langmuir and (b, d) Freundlich models for adsorption of Cu2+/phthalate complex on O-510 

cellulose beads. The solid lines (a, c) represent the calculated graphs of equations (7) and (9), 511 

respectively, with parameters obtained from linear regressions of (b, d). 512 

 513 

Internal structure and adsorption property relationship 514 

The O-cellulose beads made from cellulose (S-S), (S-M), and (M-S) beads were also 515 

evaluated as adsorbents for the Cu2+/phthalate complex in water to establish the relationship 516 

between the internal porous structure and adsorption property. Fig. 7a shows the qt of O-cellulose 517 

beads made from cellulose (S-S), (S-M), (M-S), and (M-M) beads 40 h after O-cellulose beads (4 518 

mg) were inserted into the vials containing the Cu2+/phthalate complex (1000 ppm, 4 mL). The 519 

measured qts are 61.2, 66.8, 69.9, and 83.0 mg g−1 for O-cellulose beads prepared from cellulose 520 

(S-S), (S-M), (M-S), and (M-M) beads, respectively. The O-cellulose beads prepared from 521 

cellulose (M-M) beads have the highest adsorption capacity because it has the highest porous 522 

structure, as discussed before, and vice versa for O-cellulose beads prepared from cellulose (S-S) 523 

beads. The O-cellulose beads prepared from cellulose (S-M) and (M-S) beads have adsorption 524 

capacity between them. Thus, we found that the internal structure of O-cellulose beads governs the 525 

adsorption capacity. 526 

 527 
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Application to fillers in the column 528 

The O-cellulose beads were applied to fillers in a column as an application to a metal filter. 529 

The uniformly-sized O-cellulose beads could be packed into the column (Fig. S6). Fig. 7b shows 530 

the concentration reduction of the Cu2+/phthalate complex aqueous solution (initial concentration; 531 

500 ppm) as a function of the cycle number by passing the complex solution (4 mL) through the 532 

column (diameter 5.6 mm) filled with the O-cellulose beads (70 mg) with a flow rate of 2.5 mL 533 

h−1. The Cu2+/phthalate complex aqueous solution was circulated for the cycling test using a 534 

syringe pump. The initial Cu2+/phthalate complex aqueous solution (500 ppm) concentration was 535 

reduced by 324, 409, 442, and 470 ppm during the first, second, third, and fourth cycles. The 536 

percentages of the reduction are 64.8%, 81.8%, 88.4%, and 94% during the first, second, third, and 537 

fourth cycles. The amount of O-cellulose beads in the column is only 0.07 g, and 94% of the 538 

metal-ion was filtered after the fourth cycle. The results indicate that O-cellulose beads can be 539 

successfully used as fillers in the column for metal adsorption. 540 

Other metal-ion adsorptions were studied using ICP. The Pb2+, Cu2+, Zn2+, Ni2+, Cd2+, Fe3+, 541 

Ca2+, Cr3+, and Mg2+ aqueous solution was prepared with the same concentration of 1000 ppm. 542 

Their concentrations were measured 24 h after O-cellulose beads (4 mg) were inserted into the vial 543 

containing the metal-ion solution (4 mL). Fig. S7 shows the adsorption capacity of Pb2+, Cu2+, 544 

Zn2+, Ni2+, Cd2+, Fe3+, Ca2+, Cr3+, and Mg2+ ions, which are 125.0, 75.1, 62.5, 51.1, 34.5, 33.4, 545 

11.1, and 0 mg g−1, respectively, indicating that O-cellulose beads can remove hazardous metal 546 

ions. The order of the adsorption amount is Pb2+ > Cu2+ > Zn2+ > Ni2+ > Cd2+ > Fe3+ > Ca2+ > Cr3+ 547 

= Mg2+ (not adsorbed). The Pb2+ is adsorbed most and Ca2+, Cr3+, and Mg2+ cannot be adsorbed on 548 

O-cellulose beads, similar to other reported results (Rahman et al. 2016; Saeed et al. 2008). 549 

The desorption and re-adsorption of the Cu2+/phthalate on O-cellulose beads were studied. 550 

The O-cellulose beads (4 mg) in the vial were evaluated with the Cu2+/phthalate aqueous solution. 551 

The 1000 ppm Cu2+/phthalate aqueous solution was adsorbed on O-cellulose beads for 2 h. The 552 

Cu2+/phthalate-loaded O-cellulose beads were treated with 2 M HCl (8 mL) under stirring of 250 553 

rpm at 25°C for 30 min to desorb the Cu2+/phthalate from the O-cellulose beads. The re-adsorption 554 

test was performed using the HCl-treated O-cellulose beads after complete washing with water at 555 

the same conditions as the first adsorption. The adsorption amount of the Cu2+/phthalate was 556 

measured again. The same adsorption and desorption tests were repeated for several cycles. Fig. 7c 557 

and d show the adsorption capacity and efficiency of O-cellulose as a function of the number of 558 

cycles during the adsorption/desorption of Cu2+/phthalate, respectively. The efficiency is the 559 

relative amount of the adsorption of Cu2+/phthalate at the ith cycle compared to that at the (i − 1)th 560 

cycle defined by equation (11). The adsorption capacity continuously decreases as the number of 561 

cycles increases, although the efficiency is constant at ~88%, indicating that the recovery of the 562 

oxime groups is high enough for reuse. However, efficiency can be improved by optimizing the 563 

desorption conditions. 564 

  (11) 565 

 566 
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 567 

 568 

Fig. 7. (a) Adsorption capacity (qt) of O-cellulose beads made from cellulose (S-S), (S-M), (M-S), 569 

and (M-M) beads 40 h after O-cellulose beads (4 mg) were inserted into the vials containing the 570 

Cu2+/phthalate complex (1000 ppm, 4 mL). (b) Reduction of the Cu2+/phthalate complex aqueous 571 

solution (initial concentration; 500 ppm) concentration as a function of the cycle number by 572 

passing the complex solution (4 mL) through a column (diameter 5.6 mm) filled with O-cellulose 573 

beads (70 mg), with a flow rate of 2.5 mL h−1. The Cu2+/phthalate complex aqueous solution was 574 

circulated for cycling using a syringe pump. (c) Adsorption capacity (qt) and (d) efficiency of O-575 

cellulose as a function of the number of cycles during the adsorption/desorption of Cu2+/phthalate. 576 

The efficiency is the relative adsorption of Cu2+/phthalate at the ith cycle compared to that at the (i 577 

− 1)th cycle defined by equation (11). 578 

 579 

Conclusions 580 

Uniformly-sized cellulose beads were successfully prepared by coagulating the cell/NMMO 581 

droplets that were produced using a microfluidic method with molten state cell/NMMO as a 582 

cellulose solvent. The state (solid or molten) of the cell/NMMO droplet and coagulation 583 

temperature can control the morphology of the cellulose beads. Coagulation of the molten state 584 

cell/NMMO droplet at high temperature (60°C) and amidoxime functionalization could prepare 585 

the highly-porous spherical O-cellulose beads with a uniform fibrous open internal structure. The 586 

prepared O-cellulose beads showed excellent metal adsorption properties with a maximum 587 

adsorption capacity of 80 mg g−1 in the case of Cu2+/phthalate ions. The novel cellulose beads 588 

could be successfully applied to fillers in the column for removing hazardous metal ions. 589 
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Figures

Figure 1

(a) Matrix diagram of the formation of cellulose (M-M) beads prepared at different Qd and Qc with three
regions representing the non-processible condition (×) and the conditions for producing asymmetric-
prolate (Δ) and symmetric-spherical cellulose (•) beads. (b, c) Optical microscopy images of the cellulose



beads coagulated from (b) the M cell/NMMO droplets and (c) the S cell/NMMO droplets coagulated at (i)
10°C, (ii) 20°C, (iii) 30°C, (iv) 40°C, (v) 50°C, and (vi) 60°C. The same scale bar (0.5 mm) is applied to all
�gures in (b) and (c).

Figure 2

Size distribution graphs of the produced (a) cellulose (S-S), (b) cellulose (S-M), (c) cellulose (M-S), and (d)
cellulose (M-M) beads prepared at Qd = 4 μL min−1 and Qc = 30 μL min−1. The size distribution graphs
are for long and short axes of the prolate spheroid in the cases of cellulose (S-S), (S-M), and (M-S), and
the diameter of the sphere in the case of cellulose (M-M). The inset graphs are photographic images.



Figure 3

(a) SEM images of the fractured surfaces of the cellulose (i) (S-S), (ii) (S-M), (iii) (M-S), and (iv) (M-M)
beads. The samples were dried using the CPD method. The right upper insets are enlarged images of core
parts (red square box), and the left upper insets are enlarged images of shell parts (blue square box). (b)
The Dc/DT of cellulose beads prepared from the S (•) and M (o) cell/NMMO droplets as a function of



coagulation temperature (Tcoa), where Dc and DT are the core and total diameters along the short axis,
respectively.

Figure 4

(a) FTIR spectra of the (i) cellulose, (ii) X-cellulose, (iii) CN-cellulose, and (iv) O-cellulose beads. (b, c) SEM
images of the (b) outer and (c) fractured surfaces of cellulose (M-M) beads dried using the CPD method;



(i) cellulose, (ii) X-cellulose, (iii) CN-cellulose, and (iv) O-cellulose beads. The insets are enlarged images
of the red square box.

Figure 5

qt of the Cu2+/phthalate adsorption (at different concentrations) on O-cellulose beads prepared with
cellulose (4 wt%)/NMMO droplets as a function of elapsed time (telaps) with curve-�tting using (a)
equation (3) of the pseudo-�rst-order kinetics and (b) equation (5) of the pseudo-second-order kinetics.



Figure 6

(a, c) Isotherm curve and (b, d) its linear curve-�tting using modi�ed equations (8) and (10) for (a, c)
Langmuir and (b, d) Freundlich models for adsorption of Cu2+/phthalate complex on O-cellulose beads.
The solid lines (a, c) represent the calculated graphs of equations (7) and (9), respectively, with
parameters obtained from linear regressions of (b, d).



Figure 7

(a) Adsorption capacity (qt) of O-cellulose beads made from cellulose (S-S), (S-M), (M-S), and (M-M)
beads 40 h after O-cellulose beads (4 mg) were inserted into the vials containing the Cu2+/phthalate
complex (1000 ppm, 4 mL). (b) Reduction of the Cu2+/phthalate complex aqueous solution (initial
concentration; 500 ppm) concentration as a function of the cycle number by passing the complex
solution (4 mL) through a column (diameter 5.6 mm) �lled with O-cellulose beads (70 mg), with a �ow
rate of 2.5 mL h−1. The Cu2+/phthalate complex aqueous solution was circulated for cycling using a
syringe pump. (c) Adsorption capacity (qt) and (d) e�ciency of O-cellulose as a function of the number of
cycles during the adsorption/desorption of Cu2+/phthalate. The e�ciency is the relative adsorption of
Cu2+/phthalate at the ith cycle compared to that at the (i − 1)th cycle de�ned by equation (11).



Figure 8

Scheme 1. (a) The overall schematics of producing cellulose (S-S), cellulose (S-M), cellulose (M-S), and
cellulose (M-M) beads using a T-junction micro�uidic chip at 85°C. CP and DP are continuous and
disperse phases, respectively. (b) Crosslinking (X-cellulose) and functionalization with AN (CN-cellulose)
and NH2OH (O-cellulose) to incorporate amidoxime groups in the cellulose beads.
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