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a b s t r a c t

Recently, monoliths with continuous porous structure have received much attention for high-
performance separation/adsorption matrix in biomedical and environmental fields. This study proposes
a novel route to prepare cellulose monoliths with hierarchically porous structure by selecting cellulose
acetate (CA) as the starting material. Thermally induced phase separation of CA solution using a mixed
solvent affords a CA monolith, which is converted into the cellulose monolith by alkaline hydrolysis.
Scanning electron microscopy images of the CA and cellulose monoliths reveal a continuous macropore
eywords:
ellulose
ierarchical structure
unable porous morphology
onolith

hermally induced phase separation

with rough surface, and nitrogen adsorption/desorption analysis indicates the formation of a mesoporous
structure. The macroporous structure could be controlled by changing the fabrication parameters. A series
of reactive groups are introduced by chemical modifications on the surface of the cellulose monolith. The
facile and diverse modifiability combined with its hydrophilic property make the hierarchically porous
cellulose monolith a potential platform for use in separation, purification and bio-related applications.

© 2016 Elsevier Ltd. All rights reserved.
. Introduction

Hierarchically porous monoliths with continuous macrop-
rous structures and large surface areas based on mesopores
Chakraborty, Colón, Snurr, & Ngugen, 2015; Moitra et al., 2013;
aba, Mousavi, Bühlmann, & Hillmyer, 2015; Sai et al., 2013;
ngureanu et al., 2015) can meet the demands of growing appli-
ations such as protein immobilization, adsorption, ion-exchange,
atalysis, and sensors (Bronstein et al., 2004; Li, Tolley, & Lee,
010; Okada, Asakura, Tokudome, Nakahira, & Takahashi, 2015;
okarev, & Minko, 2009). The fabrication of such monoliths as well
s control of the porous morphology for size-selective separation
ave been reported. Among these studies, there have been many
eports on inorganic materials such as carbon, silica, and titanium
ioxide (Inayat, Reinhardt, Uhlig, Einicke, & Enke, 2013; Moitra

t al., 2013; Ungureanu et al., 2015). Although synthetic polymeric
onoliths have been recently developed because of their excellent

iocompatibility, high chemical stability, and facile modifiability

∗ Corresponding author at: Department of Applied Chemistry, Graduate School of
ngineering, Osaka University, Suita 565-0871, Japan.

E-mail address: uyama@chem.eng.osaka-u.ac.jp (H. Uyama).

ttp://dx.doi.org/10.1016/j.carbpol.2016.10.006
144-8617/© 2016 Elsevier Ltd. All rights reserved.
(Nischang, & Causon, 2016; Nischang, 2013), fabrication techniques
aiming to obtain hierarchically porous structures remains limited.
In most cases, free-radical polymerization, polymerization of high
internal phase emulsions, and thin-layer membrane fabrication are
used (Bolton, Bailey, & Rzayev, 2011; Hess et al., 2015; Seo, Kim, Oh,
Kim, & Hillmyer, 2015; Sevšek, Brus, Jeřabek, & Krajnc, 2014), which
involve complicated and time-consuming processes.

We have achieved facile fabrication of hierarchically porous
monoliths from polymer solutions using thermally induced phase
separation (TIPS). Monoliths of poly(acrylonitrile), poly(vinyl alco-
hol), poly(ethylene-co-vinyl alcohol), and poly(�-glutamic acid)
were successfully prepared by selecting an appropriate mixed sol-
vent (Okada et al., 2011; Park et al., 2013; Sun, Fujimoto, & Uyama,
2013; Wang, & Uyama, 2015). These monoliths contained uniform
mesopores as well as sub-micron or micron-sized macropores. The
monoliths were obtained using simple processes, namely, solubi-
lization of the polymer powder into a mixture of solvents by heating
and subsequent cooling of the solution, during which phase sepa-
ration took place to form the monolith.
Cellulose, which is the most abundant organic compound on
Earth, has a linear structure of a �(1 → 4) linked d-glucose repeat-
ing unit. It is one of the three major structural components of the
primary cell walls of green plants, along with hemi-cellulose and

dx.doi.org/10.1016/j.carbpol.2016.10.006
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.10.006&domain=pdf
mailto:uyama@chem.eng.osaka-u.ac.jp
dx.doi.org/10.1016/j.carbpol.2016.10.006
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ignin. Based on its characteristic structure, cellulose possesses high
rystallinity and mechanical strength. Additionally, cellulose is not
oluble in water or common organic solvents due to the strong
ntermolecular hydrogen bonding of cellulose chains. In addition
o the paper industry, cellulose is widely used in various fields
uch as the chemical, textile, and food industries. Furthermore,
ellulose is one of the most important matrices for separation
pplications because of its high hydrophilicity, resistance to sol-
ents, and mechanical strength (Credou, & Berthelot, 2014; Klemm,
eublein, Fink, & Bohn, 2005; Moon, Martini, Nairn, Simonsen, &
oungblood, 2011). In particular, its highly hydrophilic property
revents non-specific adsorption of biomolecules such as proteins
n the cellulose matrix for biomedical applications.

Cellulose cannot be manufactured by melt processing tech-
iques or casting method in common solvents. Therefore,
ood solvents for cellulose have been developed mainly for
he production of cellulose fibers. A typical example is N-

ethylmorpholine-N-oxide monohydrate, which is used for the
et spinning of cellulose to prepare lyocell, one type of regenerated

ellulose fiber (Fink, Ganster, & Lehmann, 2014; Fink, Weigel, Purz,
 Ganster, 2001). In addition to this solvent, lithium chloride/N,N-
imethylacetamide (Chen et al., 2015; Zhang, Azuma, & Uyama,
015; Zhang et al., 2014), NaOH/water (Budtova, & Navard, 2016),
aOH or LiOH/urea/water (Cai, Kimura, Wada, Kuga, & Zhang, 2008;
hang, Zhang, Zhou, Zhang, & Kennedy, 2010; Yang, Wu,  Saito,

 Isogai, 2014), Ca(SCN)2/water (Hattori, Koga, Shimaya, & Saito,
998), and ionic liquids (Abushammala, Krossing, & Laborie, 2015;
adgujar & Bhanage, 2015; Raut et al., 2015; Zhu et al., 2006) have
een reported to solubilize cellulose.

The solubilization of cellulose has enabled the use of various pro-
essing procedures to prepare cellulose fibers, non-woven mats,
els, particles, membranes, films, and porous materials (Carrillo,
aine, & Rojas, 2014; Gericke, Trygg, & Fardim, 2013; Hosoda,
sujimoto, & Uyama, 2014; Joshi et al., 2016; Nguyen et al.,
013; Wang, Lu, & Zhang, 2016). Highly porous cellulose beads
ave been obtained through dissolution in an ionic liquid (1-
llyl-3-methlimidozoium chloride) and subsequent precipitation
n a coagulation bath of ultrapure water. A calcium thiocyanate
etrahydrate/water/ethanol system was also employed to dissolve
ellulose, and the production of a cellulose aerogel was  achieved
hrough a supercritical drying process. An amorphous transparent
lm of cellulose was also prepared from a lithium chloride/N,N-
imethylacetamide solution.

Porous cellulose materials such as cellulose aerogels and cel-
ulose monoliths are useful as separation matrices in biomedical
pplications. The cellulose gel is prepared by a freeze-thaw process
f a NaOH/urea/water solution followed by immersion in ethanol.
his gel is converted into the cellulose aerogel by freeze drying or
upercritical drying. Porous cellulose is also prepared from cellu-
ose gel in LiOH/urea/water and Ca(SCN)2/water. However, these

ethods have several drawbacks such as the use of toxic chemi-
als, high cost, and tedious procedures. Additionally, freeze drying
r supercritical drying are often required for isolation of the porous
ellulose materials, which is also unsuitable for industrial applica-
ions due to the high cost and energy use.

Cellulose acetate (CA) is one of the most important cellulose
erivatives in the chemical industry. Two types of CA with different
cetylation ratios, cellulose diacetate and cellulose triacetate, are
ndustrially manufactured. The former is mainly used for fibers and
he latter for films and sheets, which are widely employed as the
olarizing plates of liquid crystal displays. These cellulose acetate
erivatives are readily soluble in various organic solvents (Edgar

t al., 2001; Konwarh, Karak, & Misra, 2013).

This study provides a new convenient route to prepare a cellu-
ose monolith with hierarchically porous structure using CA as the
tarting material. The CA monolith was fabricated from its solution
ers 157 (2017) 429–437

through TIPS, which was easily hydrolyzed to convert the cellulose
monolith which exhibits high tolerance toward common solvents.
Two steps were required for this route; however, each step con-
tained a simple and convenient process. Therefore, the tedious and
time-consuming processes were not involved due to avoiding cel-
lulose as the starting material; also, the special isolation equipment
for freeze drying or supercritical drying was not required. Further-
more, some reactive cellulose-based monoliths were developed by
functionalization of the surface of the cellulose monolith.

2. Experimental section

2.1. Materials

Two types of commercially available CA with different molecu-
lar weights (CA1, CA2) were used in this work: CA1 (Mn = 3.0 × 104;
39.3–40.3 wt% acetyl content); CA2 (Mn = 5.0 × 104; 39.2–40.2 wt%
acetyl content). These samples were purchased from Sigma-
Aldrich Co. Picrylsulfonic acid solution (TNBS, 5% (w/v) in H2O),
t-butyl carbazate (TBC), and trichloroacetic acid (TCA) were
also bought from Sigma-Aldrich Co. Sodium hydroxide (NaOH),
potassium hydroxide (KOH), epichlorohydrin (EC), sodium thiosul-
fate, (N,N-dimethylformide) DMF, 1-hexanol, ethanol, hydrochloric
acid solution (HCl; 0.01, 0.5, and 1.0 M),  and methanol were
obtained from Wako Pure Chemical Industries, Ltd. 1,2-Bis(2-
aminoethoxy)ethane (BAE) and borate buffers (pH = 8.0 and 9.0)
were supplied from Tokyo Chemical Industry Co. Ltd. All the
reagents were used as received without further purification.

2.2. Measurements

Fourier-transform infrared (FT-IR) spectroscopy measurements
using the attenuated total reflectance (ATR) method were per-
formed by a Thermo Scientific Nicolet iS5 with iD5 ATR
accessory. Nitrogen adsorption/desorption isotherms were mea-
sured with a NOVA 4200e surface area & pore size analyzer
(Quantachrome Instruments) at 77 K. Before the measurements,
the sample was  degassed at room temperature under vacuum
for at least 6 h. The specific surface area was calculated using
the Brunauer–Emmett–Teller (BET) equation. Scanning electron
microscopy (SEM) images were recorded by a Hitachi S-3000N
instrument at 15 kV. A thin gold film was sputtered on the samples
before the images were collected. X-ray diffraction (XRD) spec-
tra were obtained on a Shimadzu XRD-6100 at a scanning rate of
4.0 ◦/min from 5 to 40◦ (2�) at 40 kV and 30 mA using CuK� radi-
ation. UV–vis absorbance measurements were carried out using a
Hitachi U-2810 UV–vis spectrometer.

2.3. Fabrication of CA monolith

The typical fabrication protocol of the CA monolith was as fol-
lows (Fig. 1). First, CA powder (0.20 g) was completely dissolved
in DMF  (1.0 mL)  at room temperature. 1-Hexanol (1.5 mL)  was
added dropwise into the solution with gentle stirring. The mixture
was then heated at 70 ◦C until it became transparent. The solu-
tion was then maintained at 20 ◦C for 24 h to complete the phase
separation. The solvent was  replaced with ethanol three times and
subsequently dried in vacuo to furnish the CA monolith.

2.4. Fabrication of cellulose monolith
The cellulose monolith was obtained through the hydrolysis
of the CA monolith (Fig. 1). The CA monolith (50 mg)  was first
immersed in 2.0 mL  of methanol. After degassing for 5 min, 0.15 mL
of 2 M NaOH solution in methanol was  added to start the hydrolysis
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Fig. 1. Fabrication pro

eaction at room temperature. After 3 h, the solution was neutral-
zed with 1 M HCl. The hydrolyzed cellulose monolith was  rinsed

ith water and methanol successively and dried in vacuo.

.5. Synthesis of epoxy-modified cellulose monolith (ECL
onolith)

The cellulose monolith (0.50 g) was first soaked with water and
mmersed into 0.1 mL  of 10 wt% aqueous NaOH solution. The mix-
ure was kept for 1 h at 30 ◦C under gentle shaking. Subsequently,
.4 mL  of EC was added, and the reaction was performed for an addi-
ional 2 h at 30 ◦C. The ECL monolith was washed thoroughly with
ater until the eluate became neutral and then dried in vacuo. The

mount of the epoxy group functionalized on the surface of the ECL
onolith was determined based on the reaction with sodium thio-

ulfate and titration of the released OH− by 0.01 M HCl (Sundberg
 Porath, 1974).

.6. Synthesis of amine-functionalized cellulose monolith (AMCL
onolith)

The ECL monolith (50 mg)  was mixed with 1.0 mL  of 0.7 mM BAE
queous solution. The reaction was carried out for 24 h at 45 ◦C.
he resultant AMCL monolith was thoroughly washed with water

ntil the eluate became neutral and was then dried in vacuo. The
mount of the primary amine group located on the surface of the
MCL monolith was determined through a modified TNBS method,
hich was performed through the reaction between the primary

Fig. 3. Nitrogen adsorption/desorption isotherms of (a) CA monolith and (b) cellulo
Fig. 2. FT-IR spectra of (a) CA monolith and (b) cellulose monolith.

amine group and TNBS, and the absorbance measurement after the
subsequent alkaline hydrolysis (Snyder & Sobocinski, 1975).

2.7. Synthesis of aldehyde-activated cellulose monolith (AHCL
monolith)

The AMCL monolith (0.50 g) was immersed into 1.9 mL  of 25 wt%
glutaraldehyde solution, and the reaction was performed for 4 h
at 40 ◦C with gentle stirring. The activated monolith was  rinsed

thoroughly with distilled water and dried in vacuo. The amount
of the aldehyde group in the AHCL monolith was  quantified using
the reaction with TBC to form stable carbazone and the absorbance

se monolith. Inset: pore size distribution plots of CA and cellulose monolith.
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easurement after reacting with TNBS for determination of unre-
cted TBC (Bouhadir, Hausman, & Mooney, 1999).

. Results and discussion

.1. Fabrication and characterization of cellulose monolith

Solvent selection is often a crucial factor in fabricating poly-
er  monoliths by TIPS. In this study, cellulose diacetate was

sed as the starting material because its solubility toward organic
olvents is superior to that of cellulose triacetate. The cellulose
iacetate, abbreviated here as CA, was soluble in acetone, tetrahy-
rofuran, DMF, N,N-dimethylacetamide, dimethylsulfoxide, and
-methypyrrolidone. Concerning the TIPS process, acetone and

etrahydrofuran have low boiling temperatures, which restricts the
hase separation condition upon heating; thus, DMF  was selected
s a good solvent for the fabrication of the CA monolith. The
on-solvents of CA, the vital factor determining the monolith mor-
hology, were screened to form the CA monolith under appropriate
hase separation conditions, and the selection of 1-hexanol with
he mixed ratio of 1-hexanol/DMF = 1/1.5 (v/v) was  observed to
rovide the CA monolith with good columnar shape (Fig. 1). SEM
bservation revealed the three-dimensional (3D) open pore struc-
ure. The average skeleton size was approximately 3.6 �m.

Hydrolysis of CA was carried out using NaOH in methanol at
oom temperature. The resulting monolith was insoluble in water
nd common organic solvents such as ethanol, chloroform, DMF,
MAc, DMSO, and toluene. Fig. 2 represents the FT-IR spectra of

he monolith before and after the hydrolysis. The strong char-
cteristic peak at 1740 cm−1 due to the stretching vibration of

 O of the acetyl group completely disappeared in the spectrum
fter the hydrolysis. Additionally, the broad absorbance peak at
200–3680 cm−1 due to the stretching vibration of O H became
uch larger after the hydrolysis. The spectrum after the hydroly-

is was in good accordance with that of reagent cellulose. These
ata clearly suggest that the acetyl group of CA was  selectively
ydrolyzed under the present conditions. The cleavage of the main
hain of CA may  occur by alkaline hydrolysis; however, the use of
ethanol as a solvent under mild reaction conditions enabled the

elective hydrolysis of the side chain in CA. After the hydrolysis, the
onolith shape and morphology were retained (Fig. 1).

The nitrogen adsorption/desorption isotherms for the CA and
ellulose monoliths reveal a type V isotherms with relatively wide
ype H1 hysteresis loops in the P/P0 range from 0.3 to 1.0 and
.5 to 1.0, respectively (Fig. 3). A type V isotherm is characteris-
ic of a material with mesoporosity and low energy of adsorption;
t often contains hysteresis attributed to the mesoporosity. Using
he non-local density functional theory (NLDFT) method, pore size
istribution (PSD) plots for the CA and cellulose monoliths were
btained, which revealed uniform pores with diameters of 7.8 and
1.2 nm.  The specific surface areas of the CA and cellulose mono-

iths were calculated to be 41.3 and 42.3 m2 g−1, respectively, by the
ulti-point BET equation. These data indicate the formation of hier-

rchically porous structures with relatively uniform mesopores in
he CA and cellulose monoliths. XRD analysis of the cellulose mono-
ith showed an amorphous structure; a broad peak was observed
t 2� = 5 to 30◦ (Fig. S1).

To understand the formation of the spectacular hierarchical
tructure inside the fabricated cellulose monolith, the following
ypothesis is proposed. The CA solution heated at 70 ◦C gradually
ecomes unstable when it is cooled at the standing temperature

20 ◦C) due to the binodal or spinodal decompositions according
o the corresponding fabrication parameters. Here, the TIPS of the
A solution begins, and the entire process can be divided into two
teps concluding with liquid–liquid (L–L) and solid–liquid (S–L,
ers 157 (2017) 429–437

polymer crystallization) phase separations, which is the key fac-
tor in generating the hierarchical structure. In the present case, the
compatibility between the CA polymer and mixture solvent system
(DMF/1-hexanol) is relatively poor, leading to the low crystalliza-
tion temperature, which is below the binodal line.

Initially, the solubility of the mixed solvent system drops due
to the decrease of temperature. To reduce the overall Gibbs free
energy according to the second law of thermodynamics, L–L phase
separation is induced, resulting in a polymer-rich and polymer-lean
phase. The polymer-rich phase develops in the form of a monolith
with the formation of a continuous matrix, while the polymer-lean
phase mainly consisting of the solvent mixture flows through the
matrix to bring the porous channels within the monolith.

During this stage, the CA polymer chains can easily ori-
ent and arrange orderly due to the chain movement to the
polymer-rich phase. As the temperature is further reduced, order-
ing and/or stretching of the CA polymer chains may take place
to achieve sufficient regularity and easily arrange into the crys-
talline lattice, inducing the nucleation and crystallization of CA
while simultaneously generating the S-L phase separation. This
crystallization-induction phenomenon was  also observed in the
formation of a polycarbonate monolith using non-solvent induced
phase separation (Xin, Fujimoto, & Uyama, 2012).

Due to the interconnection of these crystalline particles formed
inside the polymer-rich phase, the spaces generated between them
lead to the mesopores. Together with the macropores between the
polymer-rich and polymer-lean phase in the process of L–L phase
separation, the hierarchical structure is obtained for the CA mono-
lith without any templating.

Subsequently, after the mild hydrolysis reaction, the hierarchi-
cally porous morphology survives inside the resultant cellulose
monolith even though the crystallization lattice is destroyed
because of the loss of acetate ester groups. Inside the cellulose
monolith, the macroporous structure supplies sufficient space for
the rapid flowing of large bio-related molecules; on the other hand,
the mesoporous structure, resulting in the large surface area, can
increase the mass permeability. Therefore, the fabricated cellulose
monolith with hierarchically porous structure is an ideal candidate
for the stationary phase of columns in separation and purification
applications.

3.2. Morphology control of monolith

The effects of various fabrication parameters on the morphol-
ogy of the CA monolith were systematically investigated. First, the
polymer concentration was examined to elaborate the mechanism
of the morphology control in the CA monolith. Fig. 4 presents SEM
images of the CA and cellulose monoliths prepared with different
CA concentrations. The molecular weight of CA and the mixed ratio
of 1-hexanol/DMF were 5.0 × 104 and 1.5/1 (v/v), respectively. For
the 150 mg  mL−1 concentration, the particle-connected morphol-
ogy was found, whereas the columnar skeleton was observed for
the 200 mg  mL−1 concentration. In the former case, due to the lower
CA concentration, the phase separation point in the polymer phase
diagram might be located between the binodal and spinodal curves,
which is the metastable area. In this case, the fewer CA polymer
chains existing in the solution hardly have the opportunity to con-
tact with each other and therefore can only form the globular-like
morphology after the accomplishment of the phase separation fol-
lowing the nucleation and growth mechanism. However, the phase
separation point for the higher CA polymer concentration would
be located in the unstable region, which is below the spinodal

curve. Due to the higher concentration, the CA solution contains
relatively more polymer chains favorable for easily interconnected
tangling, leading to growth into a well-interconnected open porous
columnar morphology and facilitating the eventual formation of
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ig. 4. SEM images of CA and cellulose monoliths with CA concentration of (a) 1
-hexanol/DMF: 1.5/1 (v/v)).

 3D continuous skeletal structure, which is in agreement with
he spinodal decomposition mechanism. Despite the dissimilarities
f CA monoliths with different polymer concentration, the porous
tructure of corresponding cellulose monoliths remained after the
lkaline hydrolysis. Except for the monolith with CA concentration

f 180 mg/mL, the morphology was almost the same as that before
he hydrolysis.
 mL−1, (b) 180 mg mL−1, and (c) 200 mg  mL−1 (molecular weight of CA: 5.0 × 104;

The effect of the molecular weight of CA on the morphology of
the monolith is shown in Fig. 5. Two  kinds of CA (CA1 and CA2) with
molecular weights of 3.0 × 104 and 5.0 × 104 were used. The CA con-
centration and mixed ratio of 1-hexanol/DMF were 200 mg  mL−1

and 1.5/1 (v/v), respectively. In both cases, the monolith pos-

sessed a relatively uniform structure, and a rough skeleton surface
was observed. The molecular weight of CA was  also observed to
significantly affect the inner morphology of the resultant mono-
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ig. 5. SEM images of CA and cellulose monoliths with molecular weight of (a) 3.0 ×

ith. The CA1 monolith with lower molecular weight possessed a
articulate-like structure, whereas the CA2 monolith possessed a
lear 3D interconnected skeletal structure. The reason for the mor-
hology difference is similar to that of the effect of the polymer
oncentration. This phenomenon might be interpreted as follows.
uring the phase separation process, the CA polymer chains tend to
ggregate to form nuclei due to the low solubility toward the mix-
ure solvent used. For the CA with higher molecular weight, the
onger polymer chains could interconnect and entangle with the
eighbor ones more easily and grow into the 3D skeletal structure.
he morphology of the cellulose monolith obtained by the alkaline
ydrolysis was similar to that before the hydrolysis, whereas its
keleton size slightly decreased.

The composition of the mixed solvent greatly affected the mono-
ith morphology (Fig. 6). To examine the solvent composition, the

olecular weight of CA and the mixed ratio of 1-hexanol/DMF
ere fixed at 5.0 × 104 and 1.5/1 (v/v), respectively. The ratio of

-hexanol to DMF  changed from 1.5 to 2. As the ratio increased,
he skeleton size decreased because the phase separation occurred
aster in the solvent with the higher content of the non-solvent for
A. Below the ratio of 1.5, phase separation did not take place, and
bove the ratio of 2.0, the polymer was not completely soluble in
he mixed solvent on heating. For all the cases, the CA monolith
ould be converted into the cellulose monolith with the decrease
f the skeleton size.
These data strongly suggest that the skeleton size and inner
orphology of the CA monolith could be tuned by changing the

hase separation parameters (polymer concentration, molecular
eight of CA, and solvent composition). Additionally, the resulting
and (b) 5.0 × 104 (CA concentration: 200 mg mL−1; 1-hexanol/DMF: 1.5/1 (v/v)).

CA monolith was successfully converted into the cellulose mono-
lith for all the cases examined and the porous morphology hardly
changed after the hydrolysis.

3.3. Introduction of reactive groups on cellulose monolith

Many cellulose derivatives have been prepared, and some of
them, typically, CA, carboxymethyl cellulose, methyl cellulose, and
hydroxyethyl cellulose, are widely used in various industries. A
variety of functional groups have been reported to be introduced
at the hydroxyl groups of cellulose. Here, the introduction of typ-
ical reactive groups, epoxy, primary amine, and aldehyde, on the
skeleton surface of the cellulose monolith was examined (Fig. 7).

An epoxy group was introduced via the reaction of the cellu-
lose monolith with EC in NaOH solution. The epoxy content of the
ECL monolith was  determined to be 270 �mol  g−1. Subsequently,
the ECL monolith was  converted into the AMCL monolith by the
reaction with a large excess of BAE in an aqueous solution, and the
resultant amine content was 257 �mol  g−1, which was somewhat
lower than the epoxy content. This lower content may  be due to the
partial crosslinking between the nearby epoxy groups by the amine
group. The primary amine on the AMCL monolith was easily con-
verted into an aldehyde group by the reaction with a large excess
of glutaraldehyde, and the aldehyde content was 239 �mol  g−1.
The methods employed to determine the corresponding functional

groups are summarized in the Supporting information.

The introduction of these functional groups into the cellulose-
based monolith were confirmed by FT-IR spectroscopy (Fig. S2). For
the ECL monolith, the absorbance peak attributed to the stretching
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ig. 6. SEM images of CA and cellulose monoliths with 1-hexanol/DMF ratio of (
00  mg mL−1).

ibration of O H became much smaller compared with that of the
ellulose monolith. Additionally, new peaks located at 1000, 1020,
nd 1150 cm−1 from the stretching vibration of C OH and broad
eaks at 806–871 and 907 cm−1 due to the epoxy ring vibration

ere observed in the spectrum of the ECL monolith (Fig. S2b). In

he spectrum of the AMCL monolith (Fig. S2c), the absorbance peaks
ttributed to the epoxy ring disappeared after the reaction with
AE, supporting the introduction of the primary amine group. A
/1, (b) 1.75/1, and (c) 2/1 (molecular weight of CA: 5.0 × 104; CA concentration:

characteristic peak at 1720 cm−1 due to the stretching vibration of
the aldehyde group newly appeared in the FT-IR spectrum of the
AHCL monolith (Fig. S2d). These results clearly demonstrate that
the epoxy, primary amine, and aldehyde groups were successfully

introduced on the skeleton surface of the cellulose monolith. These
reactive groups are highly useful for immobilization of functional
molecules on the cellulose monolith.
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. Conclusions

A hierarchically porous cellulose monolith exhibiting high
ydrophilicity and tolerance toward common solvents was readily

abricated from a CA solution by TIPS. A mixed solvent of 1-hexanol
nd DMF in the appropriate mixed ratio provided the CA mono-
ith with a 3D continuous macroporous structure in a columnar
hape. BET analysis revealed the formation of a uniform mesopore
f 11.2 nm.  The phase separation parameters including the polymer
oncentration, molecular weight of CA, and ratio of 1-hexanol/DMF
reatly affected the skeleton size and inner morphology of the CA
onolith. The alkaline hydrolysis of the CA monolith in methanol

electively proceeded to give the cellulose monolith, and the shape
nd morphology hardly changed after the hydrolysis. Typical reac-
ive groups, epoxy, primary amine, and aldehyde, were introduced
n the skeleton surface of the cellulose monolith.

Cellulose-based matrices are useful for the separation of bio-
elated molecules such as antibodies, protein drugs, DNA, and
iRNA. Therefore, a variety of studies on fabrication techniques,
hape and morphology control, and the introduction of ligands,
ave been extensively developed (Carrillo et al., 2014; Gericke
t al., 2013; Hosoda et al., 2014; Joshi et al., 2016; Nguyen et al.,
013; Wang et al., 2016). The present cellulose monolith pos-
essed several features such as easy chemical modification, high
olvent efficient mass transfer, large surface area, high stability, and
igh mechanical strength as a result of the cmonolithic and hier-
rchically porous structure as well as characteristic properties of
ellulose. Therefore, the cellulose monolith and its reactive deriva-
ives have great potential for the efficient separation of bio-related
olecules. Further studies on the fabrication and applications of
rotein-loading cellulose monoliths are currently in progress in our

aboratory.
 cellulose monolith and the corresponding SEM images of (d) ECL, (e) AMCL and (f)
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