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Porous cellulose beads were prepared through a simple, facile, and 
inexpensive method. The resultant microspheres exhibited good spherical 
shape with a diameter of 1 to 2 mm. Their morphology, pore structure, and 
physical properties were characterized by scanning electron microscopy, 
X-ray diffraction, and nitrogen adsorption. The regenerated cellulose was 
shown by scanning electron microscopy images to have a three-
dimensional porous structure, which led to a BET surface area as large as 
108 m2/g. These qualities make the beads potentially useful as adsorbents 
or carriers. The beads remained in the cellulose I structure. Finally, the 
cellulose beads were tested for the adsorption of pectinase; adsorption 
was a favorable spontaneous process. Moreover, adsorption was in 
agreement with the Langmuir isotherm with a capacity of 7.40 mg/g, 
signifying that pectinase adsorption was a monolayer sorption. Adsorption 
followed an intraparticle diffusion kinetic model, indicating that intraparticle 
diffusion was the rate-controlling mechanism. This information will aid in 
the potential utilization of regenerated cellulose microspheres as supports 
for pectinase. 
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INTRODUCTION 
 

 Because environmental pollution threatens our planet, finding novel, 

environmentally friendly processes and materials is crucial. Materials from renewable 

resources, especially biodegradable polymers, are key factors, and cellulose is an excellent 

example. It is the most abundant, renewable, and biodegradable polymer on Earth. 

Moreover, cellulosic materials are generally hydrophilic, insoluble in water, inert, 

nontoxic, and inexpensive (Klemm et al. 2005). 

Natural cellulose is usually found in crystalline fibrils, which limit its potential 

applications but drive interest in regenerated cellulose (Sannino et al. 2009). Regenerated 

cellulose microspheres have large specific surface areas, porosities, good adsorbing 

capacities, and high mechanical strengths. The spherical shape guarantees excellent flow 

properties in column systems (Gericke et al. 2013), and they have been used as 

chromatographic supports, adsorbents for heavy metals, superabsorbents, and supports for 

solid phase synthesis (De Luca et al. 2003; O’Connell et al. 2008; Luo and Zhang 2010a; 

Demitri et al. 2013; Gonte et al. 2013; Zhang et al. 2013). Furthermore, the excellent 

biocompatibility of cellulose has prompted its use as a carrier for proteins, enzymes, cells, 

and pharmaceuticals (Weber et al. 2005; Esaki et al. 2009; Luo et al. 2009; Volkert et al. 

2009). A number of enzymes including glucose oxidase, penicillin G acylase, invertase, 
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laccase, β-galactosidase, α-chymotrypsin, etc., have been successfully immobilized on 

regenerated cellulose spheres (Robinson et al. 1973; Roy and Gupta 2003; Turner et al. 

2005; Bryjak et al. 2008; Luo and Zhang 2010b; Liu et al. 2012). The beads are also 

suitable carriers for pectinase. Pectinase is immobilized via adsorption, and it exhibits good 

catalytic performance and stability in a previous study (Wu et al. 2014). Thus, it is 

worthwhile to further explore the properties of cellulose beads and the adsorption behavior 

of pectinase on these beads. 

In this work, porous spherical cellulose beads were prepared from microcrystalline 

cellulose by a simple and economical method. The properties of the regenerated cellulose 

beads were characterized. The adsorption of pectinase onto the cellulose beads was 

investigated, and the equilibrium isotherm and adsorption kinetics models were evaluated 

to analyze the adsorption process. This report elucidates the potential utilization of 

regenerated cellulose microspheres as enzyme supports or adsorbents in biotechnology and 

biochemistry. 

 
 
EXPERIMENTAL 
 

Materials 
 Microcrystalline cellulose was purchased from Sinopharm (Shanghai, China). 

Liquid Pectinase Novozym 51019 was supplied by Novozymes (Copenhagen, Denmark). 

Analytical grade LiCl, N,N-dimethylacetamide (DMAC) and all other chemicals were 

purchased from Tianjin Fuchen Chemical Reagents Factory (Tianjin, China). 

 

Preparation of Regenerated Cellulose Beads 
 A 3 wt% cellulose solution was prepared as described with some modifications 

(Araki et al. 2006). Microcrystalline cellulose (3.0 g) was dispersed in 89.0 g of DMAC 

and heated at 150 °C for 30 min. After the mixture was cooled to 100 °C, 8.0 g of LiCl was 

added to the mixture and stirred for 30 min. The mixture was cooled to room temperature 

and stirred overnight. The solution was added dropwise to ethanol to obtain regenerated 

cellulose gel. The gels were washed thoroughly with deionized water. An AgNO3 test 

detected Cl- in the washings to confirm that the beads were free from LiCl. The absence of 

DMAC was confirmed by elemental analysis of the dried samples using a Vario EL cube 

(Elementar, Frankfurt, Germany). The diameter of the resultant wet beads was 

approximately 1 to 2 mm. All the samples were freeze-dried before use. 

 

Characterization of the Regenerated Cellulose Beads 
Scanning electron microscopy (SEM) was used to observe the morphology of the 

microspheres. The samples were freeze-dried, sputtered with gold, and examined using a 

Zeiss EVO 18 device (Oberkochen, Germany). X-ray diffraction (XRD) patterns of the 

microcrystalline cellulose and regenerated cellulose beads were recorded on an XRD 

instrument (D8 ADVANCE, Bruker, Karlsruhe, Germany). The crystalline peaks were 

fitted using a Lorentz function in an OriginPro 8.6 software (OriginLab, MA, USA). The 

spacing of the crystal planes was calculated according to Bragg equation, 
 

d =λ/(2 sinθ)         (1) 
 

where d is the spacing, λ is the wavelength (0.15418 nm), and θ is the diffraction angle. 

The Z-value was calculated by Z = 1693 d1 - 902 d2 - 549 (d1 is the spacing of peak 1 and 
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d2 is the spacing of peak 2). The apparent crystal size was evaluated from the Scherrer 

equation based on 002 spacing, 
 

L=Kλ/(β cosθ )         (2) 
 

where L is the crystallite size, K is Scherrer constant of 0.9, and β is the width of the 

diffraction peak measured at half maximum height. 

Nitrogen adsorption measurements were performed with a Micrometrics ASAP 

2020 (Atlanta, USA). The sample was degassed at 40 °C. Brunauer-Emmett-Teller (BET) 

analysis was carried out with a N2 relative vapor pressure of 0.05 to 0.3 at 77 K. 

 

Adsorption Equilibrium Study 
Batch adsorption experiments were performed by immersing 0.0500 g of 

regenerated cellulose beads in 10 mL of pectinase solution of different concentrations and 

constantly shaking the mixture in a gas bath at 20 °C for 72 h. The amount of enzyme 

adsorbed on the microspheres was estimated by a UV absorption method (Walker 2002), 

where the final protein present in the enzyme solution was subtracted from the initial 

protein.  Protein mass was determined on a balance. The equilibrium data were analyzed 

according to both Langmuir and Freundlich models to understand the adsorption further. 

The Langmuir isotherm can be expressed as follows: 
 

Ce/qe = Ce/qm + 1/(bqm)       (3) 
 

where qe (mg/g) is the amount of enzyme adsorbed at equilibrium, Ce (g/L) is the 

equilibrium solute concentration, qm (mg/g) is the maximum uptake, and b (L/g) is the 

Langmuir adsorption constant related to the energy of sorption. Both qm and b can be 

determined from the linear plot of Ce/qe versus Ce. 

The Freundlich model assumes that the adsorption amount increases with the 

increment in the concentration according to Eq. 2, 
 

qe = kf Ce
1/n             (4) 

 

where kf is the Freundlich isotherm constant and 1/n (dimensionless) is the heterogeneity 

factor. 

The favorable nature of adsorption was expressed in terms of a dimensionless 

separation factor, RL (RL = 0 for the irreversible case, 0 < RL < 1 for favorable equilibrium, 

RL = 1 for the linear case, and RL > 1 for unfavorable equilibrium), as defined by Eq. 3 

(Hall et al. 1966), 
 

RL = (1 + b C0)−1        (5) 
 

where C0 (g/L) is the initial concentration of pectinase in solution. 

The change in Gibbs apparent free energy (ΔG) was calculated using Eq. 4: 
 

ΔG = -RT ln KL         (6) 
 

The Langmuir equilibrium constant KL (L/mol) was obtained by multiplying the value of b 

with the molar weight of the pectinase. 

 
Adsorption Kinetics 

A mixture of regenerated cellulose microspheres (0.0500 g) and 10 mL of pectinase 

solution (0.177 g/L) was shaken using a shaker at 20 °C. The protein concentration in the 

solution was measured at intervals, and the amount of adsorbed enzyme was calculated by 
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means of a mass balance as described before. 

A linear form of the pseudo-first-order model was described by Lagergren (1898), 
 

ln (qe - q) = ln qe - k1 t        (7) 
 

where qe and q are the amounts of enzyme (mg/g) adsorbed at equilibrium and at time t, 

respectively, and k1 (min-1) is the rate constant of first-order adsorption. The second-order 

kinetic model is expressed in Eq. 6, 
 

t/q = 1/v0 + t/qe                 (8) 
 

where v0 = k2 qe
2, the initial sorption rate, and k2 (g/mg∙min) is the rate constant of pseudo-

second-order adsorption (Ho and McKay 1999; Reddad et al. 2002). 

 
 
RESULTS AND DISCUSSION 
 

Structure Characterization 
The diameter of the resultant wet beads was approximately 1 to 2 mm. The surface 

structure of regenerated cellulose microspheres was observed by SEM (Fig. 1). The 

microspheres exhibited good spherical shapes and porous structures. The microspheres 

were formed by hydrogen bonding and possibly chain entanglement because no 

crosslinking agent was used (Chang and Zhang 2011). The pores were formed by ethanol-

induced phase separation, during which the solvent-rich regions were transformed into 

pores (Bognitzki et al. 2001). There were small and large holes on the surface (Figs. 1b 

and c, respectively), probably because the solvent transformation rate varied as the 

cellulose was dripped into the ethanol. Also, the large pores penetrated the bead interior so 

that a three-dimensional network was formed (Fig. 1d). Cross-sections of microspheres 

showed that the bead core was far less dense than the wall (Figs. 1e, f). The pores in the 

core were arranged in a radial pattern, and homogeneous pores were observed in the wall, 

which suggested a three-dimensional network. The regenerated cellulose beads possessed 

a large specific surface area due to this three-dimensional network. As evaluated by BET 

analysis, the specific surface area of the microspheres was 108 m2/g, which was much 

higher than reported values (Luo and Zhang 2010b). These features indicate that the 

regenerated cellulose microspheres are good carriers or adsorbents. 

 

XRD Analysis 
XRD patterns of the original microcrystalline cellulose and regenerated cellulose beads 

were shown in Fig. 2. A Lorentz function was used to examine the X-ray diffraction peak 

intensity and distribution. The characteristic cellulose I crystalline peaks were present at 

101, 10ī, 021, 002, and 040 (Fig. 2, peaks 1 through 5, respectively); peak 6 represented 

the amorphous phase (Hult et al. 2003; Park et al. 2010). Regenerated cellulose reportedly 

has cellulose II structure (Cai et al. 2008; Liu et al. 2012), but in this study, the regenerated 

cellulose beads exhibited cellulose I crystalline peaks (Fig. 2b). The cellulose solution was 

observed under polarizing microscope and it is shown that a very small number of cellulose 

fragments existed in the solution. Thus, it is likely that an all-cellulose composite structure 

formed in the regenerated microspheres. LiCl/DMAC may peel away of layers from the 

original crystalline cellulose. After the solvent is removed, these layers form a 

paracrystalline phase that is distinct from typical amorphous cellulose and closer in 

structure to cellulose I (Benoît et al. 2007; Huber et al. 2012). 
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Fig. 1. SEM of the surface morphology (a), surface structure (b, c, d), and cross-section structure 
(e, f) of regenerated cellulose beads 

 

The crystallinity of the samples was estimated based on the ratio of the area of all 

crystalline peaks to the total area. The crystallinity of the initial microcrystalline cellulose 

and the regenerated cellulose was 95.0% and 57.7%, respectively. The decreasing 

crystallinity resulted from the cleavage of intra- and intermolecular hydrogen bonds in 

cellulose during the dissolution and gelation processes, which rendered the sample more 

disordered. The regeneration step could prevent dissolved cellulose from recombining into 

the original crystalline structure (Li et al. 2009). In addition, the lower crystallinity meant 

the microspheres had proportionally more of the amorphous regions, probably due to the 

formation of porous structures (Luo and Zhang 2010a).  
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The spacing of the crystal planes was calculated (Table 1). There were minor 

changes in the spacing of crystallographic planes between the original and the regenerated 

cellulose. The Z-value can be used to discriminate between Iα (triclinic) and Iβ (monoclinic) 

crystalline phases. The Z-values of the raw material and the beads were both negative, 

suggesting that the regenerated cellulose microspheres remained Iβ dominant (Wada et al. 

2001). Moreover, the apparent crystal size was evaluated from the Scherrer equation for 

the initial microcrystalline cellulose and the regenerated cellulose; the latter sample had a 

slightly lower crystallite size based on 002 spacing. 

 
Fig. 2. XRD patterns of microcrystalline cellulose (a) and regenerated cellulose microspheres (b) 

 

Table 1. Properties of Microcrystalline Cellulose and Regenerated Cellulose 
Beads 
 

Sample 
Lattice Spacing (nm) Z-

Value 
Crystallite 
Size (nm) 

Crystallinity 
(%) d1 d2 d3 d4 d5 

Microcrystalline 
Cellulose 

0.29
9 

0.26
9 

0.21
7 

0.19
9 

0.13
6 

-286 6.66 95.0 

Regenerated 
Cellulose beads 

0.30
1 

0.26
9 

0.22
1 

0.19
9 

0.12
8 

-283 6.49 57.7 

 

Adsorption Isotherm 
The equilibrium isotherm describes interactive behaviors between solutes and 

adsorbents. Equilibrium sorption studies were used to investigate the adsorption of 

pectinase by regenerated cellulose microspheres (Fig. 3). The equilibrium adsorption, qe, 

increased rapidly with increasing enzyme concentrations at low concentrations.  

The equilibrium data were analyzed according to the Langmuir and Freundlich 

models (Table 2). The Langmuir model was more suitable for simulating the adsorption 

isotherm of pectinase in the regenerated cellulose microspheres; the fitting result by 

Langmuir model is shown in Fig. 3b. This result was similar to other reports (Fargues et 

al. 1998; Bautista et al. 2000). Langmuir isotherm model assumes that the adsorption 

occurs on a structurally homogeneous surface where all adsorption sites have equal 

energies and enthalpies of adsorption and only monolayer adsorption occurs in the process. 

Therefore, the result implies that the enzyme developed a homogeneous monolayer on the 

beads and that the interaction between the adsorbed molecules on the support was marginal 

(Fatehi et al. 2013). Moreover, qm calculated based on Langmuir model was quite close to 

the experimental data. 
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Fig. 3. Adsorption isotherm of enzyme uptake on regenerated cellulose beads at 20 °C.  

 

Furthermore, the value of RL was calculated to be smaller than 1 at various initial 

concentrations, thus indicating the adsorption of pectinase was a favorable process. 

The molar weight of the pectinase was about 20 to 40 kDa (Yadav et al. 2009), and 

the value of b turned out to be 35.44. Thus, ΔG was negative, which confirmed the 

feasibility and spontaneous nature of adsorption (Gupta et al. 2004). 

 

Table 2. Isotherms Parameters of Pectinase Adsorption onto Regenerated 
Cellulose Microspheres 
 

qe(exp) * Langmuir model  Freundlich model 

(mg/g) b (L/g) qm(mg/g) R2 kf n R2 

7.40 35.44 7.71 0.9917 12.27 2.62 0.6927 

* Experimental data 

 

Adsorption Kinetics 
Analysis of adsorption kinetics showed that enzyme uptake was rapid during the 

initial phase of adsorption and slowed until equilibrium was attained (Fig. 4a). As proposed 

by Sarkar and Chattoraj (1993), the adsorption of biopolymers proceeded in three major 

steps. Firstly, the biopolymers diffused quickly from bulk to the subphase in contact with 

the solid surface. Afterward, protein molecules in the subphase formed complexes with 

active spots on the solid surface, which might have influenced the tertiary structure of the 

protein. Finally, polypeptide segments not contacting the surface may orient. 

There are numerous kinetic models describing the adsorption of protein on solid 

surfaces (Rabe et al. 2011). Here, pseudo-first-order and pseudo-second-order models were 

tested for their applicability to pectinase adsorption on regenerated cellulose microspheres 

(Table 3). Based on the coefficients of determination, a pseudo-second-order model fit the 

experimental data much better (Fig. 4b). Thus, it often has been claimed in the literature 

that chemisorption was the rate-limiting step involving valence forces through sharing or 

exchange of electrons between sorbent and sorbate (Ho 2006). However, it is unlikely that 

there was covalent bonding or ion exchange between enzyme and cellulose beads. As for 

adsorption rate, the protein molecules might be transported from the bulk solution into the 
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solid phase through an intraparticle diffusion process, the rate-limiting step in some 

adsorption processes. It might be that a pseudo-second order expression just happened to 

fit pretty well when describing adsorption on porous surfaces because it took a long time 

for the adsorbate to penetrate the pores. Thus, intraparticle diffusion equation was 

introduced to explore the possibility of the intraparticle diffusion as the rate-limiting step 

in the adsorption (Weber and Morris 1963), 
 

q = kid t0.5 + C           (9) 
 

where kid is the intraparticle diffusion rate constant (mg∙min0.5/g) and C is the intercept. A 

plot of q versus t0.5 is shown in Fig. 4b. A linear relationship was observed in the initial 

stage of adsorption, thus confirming the involvement and importance of diffusion-

controlled transport mechanism in the initial adsorption process. Thereafter, other factors 

might be important for adsorption (Li and Bai 2005). 

 

 
Fig. 4. Adsorption results of enzyme with an initial concentration of 0.177 g/L at 20 °C (a) and the 
fitting results of the pseudo-second order model (b) and the diffusion-controlled kinetic model (c) 

 

Moreover, the fact that the coefficient of determination for the pseudo-first order 

model was also high suggests that some weak interactions may also be involved in the 

adsorption process (Yan et al. 2011). Apart from that, hydrogen bonds might form between 

the sorbent and the sorbate. 
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Table 3. Kinetics of Pectinase Adsorption on Cellulose Microspheres 
 

Kinetic Model Calculated Parameters 

Pseudo-First- 
Order Equation 

qe (mg/g) k1 ×103 (min-1) R2  
7.19 3.97 0.970  

Pseudo-Second- 
Order Equation 

qe (mg/g) k2 ×104 (g/(mg∙min)) R2 V0 (g/(mg∙min)) 
7.96 8.81 0.998 0.0557 

Intraparticle 
Diffusion 

kid (mg∙min0.5/g) C R2  
0.292 0.0845 0.982  

 

Considering their properties and adsorption capacity, the regenerated cellulose 

microspheres obtained in this research could be further utilized as a carrier for protein in 

biotechnology and adsorbent for pollutants in industry. Since cellulose I is the strongest 

allomorph with a theoretical ultimate tensile strength of about 13 to 17 GPa, the mechanical 

properties and modification of the microspheres will be studied in the future to consider its 

application as functional material. 

 

 

CONCLUSIONS 
 

1. Porous cellulose beads were prepared by dissolving microcrystalline cellulose with the 

LiCl/DMAC system and re-forming cellulose microspheres in ethanol. The regenerated 

cellulose microspheres exhibited good spherical shape and high porosity. 

2. The regenerated cellulose retained cellulose I structure. The microspheres had lower 

crystallinity because intra- and intermolecular hydrogen bonds were at least partly 

broken during dissolution and gelation. 

3. The beads adsorbed pectinase in a favorable spontaneous process. Analysis results 

revealed that the adsorption accorded well with Langmuir isotherm with a capacity of 

7.40 mg/g, indicating that the pectinase adsorption was a monolayer sorption and the 

interaction between the adsorbed molecules on the support was marginal. This was 

advantageous for the catalytic activity of the enzyme. 

4. The adsorption kinetics were described by intraparticle diffusion kinetic model. This 

meant that pectinase was adsorbed from the bulk solution onto cellulose beads through 

an intraparticle diffusion process and intraparticle diffusion was the rate-limiting step 

in the initial adsorption process, though weak interactions were also involved. 

5. The results shown that the obtained regenerated cellulose beads could potentially be 

used as enzyme carriers or adsorbents. 

 

 

ACKNOWLEDGMENTS 
 

This work was supported by the State Key Laboratory of Pulp and Paper 

Engineering (201502) and the Undergraduate Innovation and Entrepreneurship Training 

Program (201510057015). 

 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Wu et al. (2016). “Cellulose microspheres,” BioResources 11(2), 4146-4158.  4155 

REFERENCES CITED 
 

Araki, J., Kataoka, T., Katsuyama, N., Teramoto, A., Ito, K., and Abe, K. (2006). "A 

preliminary study for fiber spinning of mixed solutions of polyrotaxane and cellulose 

in a dimethylacetamide/lithium chloride (DMAc/LiCl) solvent system," Polymer 

47(25), 8241-8246. DOI: 10.1016/j.polymer.2006.09.060 

Bautista, L. F., Martínez, M., and Aracil, J. (2000). "Modeling of the adsorption of α-

amylase in batch stirred tank," Ind. Eng. Chem. Res. 39(11), 4320-4325. DOI: 

10.1021/ie000262+ 

Benoît, J. D., Newman, R. H., and Staiger, M. P. (2007). "Phase transformations in 

microcrystalline cellulose due to partial dissolution," Cellulose 14(4), 311-320. DOI: 

10.1007/s10570-007-9121-4 

Bognitzki, M., Czado, W., Frese, T., Schaper, A., Hellwig, M., Steinhart, M., Greiner, A., 

and Wendorff, J. H. (2001). "Nanostructured fibers via electrospinning," Adv. Mater. 

13(1), 70-72. DOI:10.1002/1521-4095(200101)13:1<70::AID-ADMA70>3.0.CO;2-H 

Bryjak, J., Liesiene, J., and Stefuca, V. (2008). "Man-tailored cellulose-based carriers for 

invertase immobilization," Cellulose 15(4), 631-640. DOI: 10.1007/s10570-008-

9202-z 

Cai, J., Kimura, S., Wada, M., Kuga, S., and Zhang, L. (2008). "Cellulose aerogels from 

aqueous alkali hydroxide–urea solution," ChemSusChem 1(1-2), 149-154. DOI: 

10.1002/cssc.200700039 

Chang, C., and Zhang, L. (2011). "Cellulose-based hydrogels: Present status and 

application prospects," Carbohyd. Polym. 84(1), 40-53. DOI: 

10.1016/j.carbpol.2010.12.023 

De Luca, L., Giacomelli, G., Porcheddu, A., Salaris, M., and Taddei, M. (2003). 

"Cellulose beads: A new versatile solid support for microwave-assisted synthesis. 

Preparation of pyrazole and isoxazole libraries," J. Comb. Chem. 5(4), 465-471. DOI: 

10.1021/cc0201187 

Demitri, C., Scalera, F., Madaghiele, M., Sannino, A., and Maffezzoli, A. (2013). 

"Potential of cellulose-based superabsorbent hydrogels as water reservoir in 

agriculture," Int. J. Polym. Sci. 1-6. DOI: 10.1155/2013/435073 

Esaki, K., Yokota, S., Egusa, S., Okutani, Y., Ogawa, Y., Kitaoka, T., Goto, M., and 

Wariishi, H. (2009). "Preparation of lactose-modified cellulose films by a 

nonaqueous enzymatic reaction and their biofunctional characteristics as a scaffold 

for cell culture," Biomacromolecules 10(5), 1265-1269. DOI: 10.1021/bm900089j 

Fargues, C., Bailly, M., and Grevillot, G. (1998). "Adsorption of BSA and hemoglobin 

on hydroxyapatite support: Equilibria and multicomponent dynamic adsorption," 

Adsorption 4(1), 5-16. DOI: 10.1023/A:1008822918494 

Fatehi, P., Hamdan, F. C., and Ni, Y. (2013). "Adsorption of lignocelluloses of pre-

hydrolysis liquor on calcium carbonate to induce functional filler," Carbohyd. Polym. 

94(1), 531-538. DOI:10.1016/j.carbpol.2013.01.081 

Gericke, M., Trygg, J., and Fardim, P. (2013). "Functional cellulose beads: Preparation, 

characterization, and applications," Chem. Rev. 113, 4812-4836. DOI: 

10.1021/cr300242j 

Gonte, R. R., Balasubramanian, K., and Mumbrekar, J. D. (2013). "Porous and Cross-

linked cellulose beads for toxic metal ion removal: Hg (II) ions," J. Polym. 2013: 

Article ID 309136. DOI: 10.1155/2013/309136 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Wu et al. (2016). “Cellulose microspheres,” BioResources 11(2), 4146-4158.  4156 

 

Gupta, V. K., Mittal, A., Krishnan, L., and Gajbe, V. (2004). "Adsorption kinetics and 

column operations for the removal and recovery of malachite green from wastewater 

using bottom ash," Sep. Purif. Technol. 40(1), 87-96. DOI: 

10.1016/j.seppur.2004.01.008 

Hall, K. R., Eagleton, L .C., Acrivos, A., and Vermeulen, T. (1966). "Pore-and solid-

diffusion kinetics in fixed-bed adsorption under constant-pattern conditions," Ind. 

Eng. Chem. Fund. 5(2), 212-223. DOI: 10.1021/i160018a011 

Ho, Y. (2006). "Review of second-order models for adsorption systems," J. Hazard. 

Mater. 136(3), 681-689. DOI: 10.1016/j.jhazmat.2005.12.043 

Ho, Y., and McKay, G. (1999). "Pseudo-second order model for sorption processes," 

Process Biochem. 34(5), 451-465. DOI: 10.1016/S0032-9592(98)00112-5 

Huber, T., Müssig, J., Curnow, O., Pang, S., Bickerton, S., and Staiger, M. P. (2012). "A 

critical review of all-cellulose composites," J. Mater. Sci. 47(3), 1171-1186. DOI: 

10.1007/s10853-011-5774-3 

Hult, E., Iversen, T., and Sugiyama, J. (2003). "Characterization of the supermolecular 

structure of cellulose in wood pulp fibres," Cellulose 10(2), 103-110. DOI: 

10.1023/A:1024080700873 

Klemm, D., Heublein, B., Fink, H. P., and Bohn, A. (2005). "Cellulose: Fascinating 

biopolymer and sustainable raw material," Angew. Chem. Int. Edit. 44(22), 3358-

3393. DOI: 10.1002/chin.200536238 

Lagergren, S. (1898). "About the theory of so-called adsorption of soluble substances," 

Kungliga Svenska Vetenskapsakademiens Handlingar 24(4), 1-39. 

Li, N., and Bai, R. (2005). "Copper adsorption on chitosan–cellulose hydrogel beads: 

Behaviors and mechanisms," Sep. Purif. Technol. 42(3), 237-247. DOI: 

10.1016/j.seppur.2004.08.002 

Li, Q., He, Y., Xian, M., Jun, G., Xu, X., Yang, J., and Li, L. (2009). "Improving 

enzymatic hydrolysis of wheat straw using ionic liquid 1-ethyl-3-methyl imidazolium 

diethyl phosphate pretreatment," Bioresource Technol. 100(14), 3570-3575. DOI: 

10.1016/j.biortech.2009.02.040 

Liu, Z., Wang, H., Li, B., Liu, C., Jiang, Y., Yu, G., and Mu, X. (2012). "Biocompatible 

magnetic cellulose–chitosan hybrid gel microspheres reconstituted from ionic liquids 

for enzyme immobilization," J. Mater. Chem. 22(30), 15085-15091. DOI: 

10.1039/C2JM33033D 

Luo, X., and Zhang, L. (2010a). "Creation of regenerated cellulose microspheres with 

diameter ranging from micron to millimeter for chromatography applications," J. 

Chromatogr. A 1217(38), 5922-5929. DOI: 10.1016/j.chroma.2010.07.026 

Luo, X., and Zhang, L. (2010b). "Immobilization of penicillin G acylase in epoxy-

activated magnetic cellulose microspheres for improvement of biocatalytic stability 

and activities," Biomacromolecules 11(11), 2896-2903. DOI: 10.1021/bm100642y 

Luo, X., Liu, S., Zhou, J., and Zhang, L. (2009). "In situ synthesis of Fe3O4/cellulose 

microspheres with magnetic-induced protein delivery," J. Mater. Chem. 19(21), 

3538-3545. DOI: 10.1039/B900103D 

O'Connell, D. W., Birkinshaw, C., and O Dwyer, T. F. (2008). "Heavy metal adsorbents 

prepared from the modification of cellulose: A review," Bioresource Technol. 99(15), 

6709-6724. DOI: 10.1016/j.biortech.2008.01.036 

 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Wu et al. (2016). “Cellulose microspheres,” BioResources 11(2), 4146-4158.  4157 

 

Park, S., Baker, J. O., Himmel, M. E., Parilla, P. A., and Johnson, D. K. (2010). 

"Research Cellulose crystallinity index: Measurement techniques and their impact on 

interpreting cellulase performance," Biotechnol. Biofuels 3, 1-10. 

Rabe, M., Verdes, D., and Seeger, S. (2011). "Understanding protein adsorption 

phenomena at solid surfaces," Adv. Colloid Interfac. 162(1), 87-106. DOI: 

10.1016/j.cis.2010.12.007 

Reddad, Z., Gerente, C., Andres, Y., and Le Cloirec, P. (2002). "Adsorption of several 

metal ions onto a low-cost biosorbent: Kinetic and equilibrium studies," Environ. Sci. 

Technol. 36(9), 2067-2073. DOI: 10.1021/es0102989 

Robinson, P. J., Dunnill, P., and Lilly, M. D. (1973). "The properties of magnetic 

supports in relation to immobilized enzyme reactors," Biotechnol. Bioeng. 15(3), 

603-606. DOI: 10.1002/bit.260150318 

Roy, I., and Gupta, M. N. (2003). "Lactose hydrolysis by Lactozym immobilized on 

cellulose beads in batch and fluidized bed modes," Process Biochem. 39(3), 325-332. 

DOI: 10.1016/S0032-9592(03)00086-4 

Sannino, A., Demitri, C., and Madaghiele, M. (2009). "Biodegradable cellulose-based 

hydrogels: Design and applications," Materials 2(2), 353-373. DOI: 

10.3390/ma2020353 

Sarkar, D., and Chattoraj, D. K. (1993). "Activation parameters for kinetics of protein 

adsorption at silica-water interface," J. Colloid Interf. Sci. 157(1), 219-226. DOI: 

10.1006/jcis.1993.1179 

Turner, M. B., Spear, S. K., Holbrey, J. D., Daly, D. T., and Rogers, R. D. (2005). "Ionic 

liquid-reconstituted cellulose composites as solid support matrices for biocatalyst 

immobilization," Biomacromolecules 6(5), 2497-2502. DOI: 10.1021/bm050199d   

Volkert, B., Wolf, B., Fischer, S., Li, N., and Lou, C. (2009). "Application of modified 

bead cellulose as a carrier of active ingredients," Macromol. Symp. 280(1), 130-135. 

DOI: 10.1002/masy.200950615 

Wada, M., Okano, T., and Sugiyama, J. (2001). "Allomorphs of native crystalline 

cellulose I evaluated by two equatorial-spacings," J. Wood Sci. 47(2), 124-128. DOI: 

10.1007/BF00780560 

Walker, J. M. (ed.) (1996). The Protein Protocols Handbook, Humana Press, New York. 

Weber, V., Linsberger, I., Ettenauer, M., Loth, F., Höyhtyä, M., and Falkenhagen, D. 

(2005). "Development of specific adsorbents for human tumor necrosis factor-α: 

Influence of antibody immobilization on performance and biocompatibility," 

Biomacromolecules 6(4), 1864-1870. DOI: 10.1021/bm040074t 

Weber, W. J., and Morris, J. C. (1963). "Kinetics of adsorption on carbon from solution," 

J. Sanit. Eng. Div. Am. Soc. Civ. Eng. 89(17), 31-60. 

Wu, R., He, B., Zhang, B., Zhao, G., Li, J., and Li, X. (2014). "Preparation of 

immobilized pectinase on regenerated cellulose beads for removing anionic trash in 

whitewater from papermaking," J. Chem. Technol. Biot. 89(7), 1103-1109. DOI: 

10.1002/jctb.4223 

Yadav, S., Yadav, P. K., Yadav, D., and Yadav, K. D. S. (2009). "Pectin lyase: A 

review," Process Biochem. 44(1), 1-10. DOI: 10.1016/j.procbio.2008.09.012 

Yan, H., Dai, J., Yang, Z., Yang, H., and Cheng, R. (2011). "Enhanced and selective 

adsorption of copper (II) ions on surface carboxymethylated chitosan hydrogel 

beads," Chem. Eng. J. 174(2), 586-594. DOI: 10.1016/j.cej.2011.09.064 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Wu et al. (2016). “Cellulose microspheres,” BioResources 11(2), 4146-4158.  4158 

 

Zhang, J., Fan, Q., Bai, Z., and Xie, X. (2013). "Preparative optimization of cellulose 

microspheres applied as supports for high-performance liquid chromatography," J. 

Wuhan Univ. Technol. 28(3), 460-466. DOI: 10.1007/s11595-013-0713-6 

 

Article submitted: Oct. 29, 2015; Peer review completed: Jan. 14, 2016; Revised version 

received and accepted: March 16, 2016; Published: March 22, 2016. 

DOI: 10.15376/biores.11.2.4146-4158 

 


