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Iron(III) oxyhydroxide and oxide monoliths with controlled 
multiscale porosity: synthesis and their adsorption performance  
Yosuke Hara,a Kazuyoshi Kanamori, a Kei Morisato, a,b Riichi Miyamoto,a,c and Kazuki Nakanishi a* 

Iron(III) oxyhydroxide and oxide monoliths with controlled multiscale porosity have been successfully fabricated via the sol-
gel process accompanied by phase separation. The size of macropores was controlled by synthetic parameters such as 
starting compositions. The as-dried iron(III) oxyhydroxide monoliths were amorphous and possessed surface area over 340 
m2 g-1, of which mesostructures could be further controlled by a heat-treatment at 250-350 ˚C without collapse of 
macrostructures and monolithic forms. When the as-dried gel was heated at 300 ˚C, the resultant gel transformed to 
crystalline α-Fe2O3 and exhibited the specific surface area of 124 m2 g-1. The heat-treatment at 350 ˚C resulted in the 
broadened size distribution of mesopores. Adsorption behavior of the Congo red has revealed that the interconnected 
macroporous structure contributed to faster diffusion and better accessibility in a continuous flow-through set up, and the 
crack-free monolithic forms accounted for an advantageous use of the flow-through adsorbents. 

1. INTRODUCTION 
Over the past decades, research activities on hierarchically 
porous materials have achieved remarkable progress in various 
application areas such as catalysis, separation, adsorption, 
energy storage and conversion, life sciences, and other 
industrial applications.1-3 Porous structures over multiple 
length-scales offer better functionalities in materials depending 
on the combination of the discrete pore structures, e.g. micro- 
(<2 nm) and mesopores (2-50 nm) provide the size and shape 
selectivity and impart high surface areas, while macropores 
(>50 nm) enhance the diffusion and accessibility to the active 
sites.4 To design such hierarchically structured materials, it is 
essential to control various properties such as pore sizes and 
size distributions, surface areas, chemical compositions and 
crystallinity.  

One strategy to control the multiscale porous structures is the 
sol-gel process accompanied by phase separation. 5 Most of this 
approach is based on the polymerization-induced phase 
separation, in which the polymerization reaction and the phase 
separation occur simultaneously, and the transient structure of 
the phase separation is frozen by the sol-gel transition. As a 
result, monolithic materials with well-defined interconnected 

macropores and mesostructured skeletons can be obtained.4,5 
Their structural properties, which give higher diffusivity and 
better accessibility, and lower back pressure are advantageous 
as separation media6, catalysts7, catalyst supports8-9, and 
adsorbents.10 Meanwhile, the reactivity of the precursor and 
the behaviour of polymerization have a strong influence on the 
phase separation and the gelation, it is therefore necessary to 
find suitable synthesis conditions for each specific composition.  

In 2007, Tokudome et al. reported hierarchically structured 
Al2O3 monoliths prepared by combining phase separation and 
the epoxide-mediated sol-gel process.11,12 Extending this 
synthetic approach, similar hierarchically structured monoliths 
of mixed metal oxide13-15 and tri-modal pore structured zeolite 
monoliths16 were also reported. In addition, several attempts 
have been made to extend the above approach to other metal-
based monolithic materials.17-20 For example, Kido et al. 
reported iron-based monoliths by combining phase separation 
and the epoxide-mediated sol-gel process.17 According to their 
report, compared to the previous work, the main difficulty in 
obtaining iron(III) oxyhydroxide-based monoliths lies in the 
strong tendency of the precursor sol to form precipitates of 
iron(III) oxyhydroxide in the aqueous solution. In order to 
circumvent this problem, poly(acrylamide) was added as a 
precipitation inhibitor and a phase separation inducing argent. 
The -OH groups of iron(III) oxyhydroxide interact with amide 
groups of poly(acrylamide) via strong hydrogen bond, and the 
complexes of them exhibit relatively hydrophobic character, 
which leads to macroscopic phase separation in the aqueous 
solution. This approach could be applied to other metal 
(oxy)hydroxide-based monolithic materials18,19,20 and has 
usefulness that the obtained wet gels can be easily dried 
without collapsing monolithic forms because of the organic 
polymer distributed in the skeleton. While having such 
advantages, however, the obtained as-dried gels contain a large 
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amount of organic polymer in the skeletons, and calcination 
under air causes serious damage of macro-morphology and 
collapse of the monolithic forms. It is therefore difficult to 
obtain pure metal (oxy)hydroxide and oxide monoliths with 
well-defined macropores and a crack-free monolithic form by 
this synthetic approach.  Macro-morphology and the monolithic 
forms can be preserved by calcination in an inert condition, 
which leaves a large amount of carbon in the obtained gels.  
While the carbon in the skeletons can be activated to offer 
abundant micropores, it cannot be removed without damage 
on the monoliths to obtain carbon-free metal (oxy)hydroxides 
and oxides. For these reasons, from the viewpoint of controlling 
hierarchically porous structures of metal (oxy)hydroxides and 
oxides monoliths, alternative approaches are needed to 
prepare monoliths in which excessive organic polymer is not 
distributed in the skeletons. In this report, we focus on iron(III) 
oxyhydroxide and oxide monoliths.  

Porous iron(III) oxyhydroxide and oxide are used in various 
fields. For example, they are used as adsorbents for water 
treatment to remove, for example, Cr(VI), As(V), and organic 
pollutants.21-27 In particular, α-Fe2O3, the most stable phase of 
iron oxides, has been extensively used as catalysts28,29, catalyst 
supports30,31, and separation media32. In those various 
applications, for example as adsorbents for water treatment, 
adsorption sites on the surface and the accessibility to them are 
important factors.23 In addition, crystallinity and surface 
properties are also important as catalysts and catalyst 
supports.28-31 As separation media, high surface area, high 
macropososity, and a suitable mesopore size distribution are 
required to achieve fast and efficient separation.32 Thus, when 
considering such applications, it is highly important to design 
materials with controllable properties for each specific 
application. In this study, we have synthesized hierarchically 
porous iron(III) oxyhydroxide and oxide monoliths by a novel 
approach, and controlled the multiscale structures without 
collapse of macrostructure and monolithic forms. Moreover, 
the influence of the hierarchical structures on their adsorption 
performance is also discussed. 

2. MATERIALS AND METHODS 

2.1. Chemicals  

Poly(ethylene oxide) (PEO, ≥96 %, Mn = 1,000,000 Da), iron(III) 
chloride hexahydrate FeCl3∙6H2O (≥97 %), propylene oxide (≥99 
%), and Congo red were purchased from Sigma-Aldrich Co. 
(USA). N,N-dimethylformamide (DMF, ≥99.5 %), 2-propanol 
(≥99.5 %), and n-hexane (≥99.5 %) were purchased from Kishida 
Chemical Co., Ltd. (Japan). Na2CO3 (≥99.5%) and NaNO3 
(≥99.5%) were purchased from Hayashi Pure Chemical Ind. Ltd. 
(Japan). All reagents were used as received. Distilled water was 
used in all experiments. 

2.2. Preparation of iron(III) oxyhydroxide and oxide monoliths 

The typical iron(III) oxyhydroxide monoliths and α- Fe2O3 
monoliths were synthesized by the following procedure. A given 
amount of PEO (wPEO) was completely dissolved in 8.0 mL of DMF 

at 80 °C in a glass bottle, and then the solution was cooled down 
to room temperature (25 °C). The 3.20 g of FeCl3・6H2O (11.8 
mmol) was subsequently added to obtain a homogeneous 
solution. After stirring for 10 min at room temperature, 4.0 mL 
of propylene oxide ([propylene oxide]/[Fe] ~ 4.8 in molar ratio) 
was added and stirred for 1 min, and then the solution was 
transferred into a glass tube. The tube was sealed and kept at 
40 °C for gelation. After gelation, the wet gels were kept for at 
40 °C for 1 h, and then kept at 80 °C for 24 h for aging. The 
obtained wet gels were washed with 2-propanol at 60 °C for 12 
h twice, and with n-hexane at 40 °C for 12 h twice, and then 
finally dried at 40 °C in 110 mL glass bottles with a cap, which 
had a 2-mm hole. Xerogels thus obtained were completely dried 
at 120 °C. Some of the as-dried gels were heat-treated at 
various temperatures between 250 °C and 350 °C. The 
temperature was raised from 120 °C to the target temperature 
with a heating rate of 0.4 °C min-1 and the samples were held at 
the temperature for 6 h. 

2.3. Characterization 

The time evolution of solution pH was monitored at 40 °C using 
a pH meter (F-21, Horiba, Ltd., Japan). Microstructures of the 
fractured surfaces of the samples were observed using a 
scanning electron microscope (SEM: JSM-6060S, JEOL, Japan), a 
field emission scanning electron microscope (FE-SEM: JSM-
6700F, JEOL, Japan). Macropore size distributions were 
measured by mercury porosimetry (Autopore IV 9505, 
Shimadzu Co., Japan). The thermal properties of the samples 
were investigated by thermogravimetry-differential thermal 
analysis (TG-DTA: Thermo plus EVO2 TG 8120, Rigaku Co., 
Japan) with a continuous air supply at 100 mL min-1. The crystal 
structure was examined by powder X-ray diffraction (XRD: RINT 
Ultima III, Rigaku Co., Japan) using Cu Kα (λ = 0.154 nm) as an 
incident beam. Micro-/mesostructure of the samples were 
characterized by nitrogen adsorption-desorption (BELSORP-
mini II, Bel Japan Inc., Japan). Helium pycnometry (Ultrapyc 
1200e, Quantachrome Instruments, USA) was employed to 
determine the skeletal density.  

2.4. Adsorption measurement 

The adsorption performance of the synthesized iron(III) 
oxyhydroxide and oxide monoliths has been examined by 
removal of dyes in aqueous solution. Congo red, sodium salt of 
3,3’-([1,1’-biphenyl]-4,4’-diyl)bis(4-aminonaphthalene-1-
sulfonic acid) (Fig. S1), was selected as a model adsorbate. To 
examine the influences of micro-/mesoporous structures on 
their adsorption capacity, 2.0 to 36.0 mg of crushed monoliths 
(< 20 μm) were immersed in with 20 mL of 100 mg L-1 aqueous 
solution of Congo red. After stirring for 72 h, the aqueous 
supernatant phase was extracted, and the absorbance spectra 
of the supernatant solution were obtained by a UV-Vis 
spectrophotometer (V-670, JASCO, Japan). The residual 
concentrations of Congo red were obtained by using a 
calibration curve over 5-80 mg L-1 in the wavelength range of 
400-600 nm. The maximum adsorption capacities of the 
monoliths were calculated assuming that Congo red other than 
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that remaining in the solution were adsorbed to the adsorbents.  
The zeta potentials were measured using a Malvern Zetasizer 
1000 (Malvern, England). In this measurement, 4.0 mg of the 
crushed monoliths (<20 μm) were immersed in with 20 mL of 
0.010 mol L-1 NaNO3 aqueous solutions. After sonicated for 10 
min, the suspensions were stood still at room temperature for 
24 h to stabilize the ionic strength during the measurement. 
Then, the supernatants of the suspensions were used for the 
zeta potential measurements. The influences of macroscopic 
forms and interconnected macroporous structures on their 
adsorption performance were examined in a flow-through set up. 
The macroporous monolith, crushed macroporous monoliths (45-
100 μm) and non-macroporous crushed monoliths (45-100 μm) were 
used as adsorbents. The 160 mL of 100 mg L-1 aqueous Congo red 
solution were pumped into the packed beds of the adsorbents using 
a syringe pump at room temperature. (Regarding the monolith, the 
aqueous Congo red solution was pumped after conditioning the 
surface with H2O.)  The removal efficiency of Congo red was 
examined by analyzing the absorbance spectra of the eluted 
solutions with the increment of 20 mL. The pH of the obtained 
solutions of adsorption measurement was adjusted to be ca. around 
7 by 5 mg of Na2CO3 powder. The leakage of the adsorbent was 
characterized by measuring iron concentration of the treated 
solutions by inductively coupled plasma atomic emission 
spectroscopy (ICP-AES: Varian 720-ES, Agilent Technology Inc., USA). 
Before the measurement, the solution was filtered through a 
membrane with 0.22 μm openings. 

3. RESULTS AND DISSCUSSION 

3.1 Formation and control of interconnected macropores 

In this work, we introduced a novel synthetic approach, which 
is different from the previous work17, to prepare the monoliths 
in which excessive organic polymer is not included in the gel 
skeletons. We adopted PEO, which has a weak interaction with 
iron(III)-containing species, as a phase separation inducing 
agent.  The suitable starting compositions and reaction 
conditions have been specified in which iron(III) oxyhydroxide 
and PEO are distributed as the major components respectively 
to the gel- and solvent-phases as a result of phase separation. 

The morphology of interconnected macroporous structures 
could be controlled by changing the starting composition 
(Scheme 1). The PEO amount was used as a variable. As Gash 
and co-workers have previously shown11, gelation of metal salt 
solution is induced using epoxides as an acid scavenger, which 
causes the solution pH to increase, and then iron(III) 
oxyhydroxide-based gels are formed33. We adopted DMF, which 
strongly solvate to metal ions34, as the main solvent. Thus, the 
excessive heat generation due to polycondensation11 were 
prevented. Figure S2 shows the time evolutions of pH of the 
reaction solution until the sol-gel transition (wPEO = 0 mg).  In 
this case without PEO, a uniform transparent gel is formed in 
~15 min. On the other hand, opaque gels are formed when PEO 
exceeding 35 mg is employed. When the water ratio is high, 
opaque gels or precipitates formed (wPEO = 0 mg).  

Figure 1A-G show the SEM images of as-dried monoliths with 
varied PEO amounts. Formation and coarsening of the 
interconnected macroporous structures were seen with an 
increase of PEO amount. Figure 2 shows the results of mercury 
intrusion measurements. The obtained parameters of 
macroporous structure are summarized in Table 1. In the 
present range of starting composition, it was possible to control 
the macropore diameter from 0.28 μm to 2.5 μm with the sharp 

 

Figure 2. (A) Cumulative and (B) differential pore size distributions of as-dried 
iron(III) oxyhydroxide monoliths prepared with varied amounts of PEO.  

 

Figure 1. (A-G) SEM images of the as-dried iron(III) oxyhydroxide monoliths 
prepared with varied amounts of PEO: wPEO = (A) 30 mg (B) 35 mg (C) 40 mg (D) 
45 mg (E) 50 mg (F) 55 mg (G) 60 mg. (H) FE-SEM image of the as-dried iron(III) 
oxyhydroxide monolith: wPEO = 50 mg. (I) Appearance of the as-dried iron(III) 
oxyhydroxide monolith: wPEO = 50 mg.  

 

 

Scheme 1. Schematic representation of preparation of iron(III) oxyhydroxide 
monoliths. 
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size distribution as summarized in Table 1. Bulk density, skeletal 
density and porosity are also shown in Table 1. In particular, at 
wPEO = 60 mg, many spherical particles precipitated on the 
skeleton surface (Fig. 1G). This is presumably due to the 
secondary phase separation occurring in the solvent phase after 
gelation35. The mesoscopic structures observed by FE-SEM and 
the macroscopic appearance of the samples form at wPEO = 50 
mg are shown in Fig. 1H and Fig. 1I, respectively. It was 
confirmed that the obtained as-dried monoliths had 
hierarchical structures covering from macroporous to 
mesoporous size regions. The crack-free monolithic samples 
could be obtained by replacing the pore liquid with n-hexane, 
which has low surface tension and hydrophobicity36, and 
subsequent slow ambient pressure drying. Nitrogen adsorption-
desorption measurement was carried out to investigate the 
effect of PEO amount in the mesoscopic region (Fig. S3, Table 
1). As a result, only negligible differences were recognized 
among the samples prepared with varied amounts of PEO in the 
mesoscopic region. 

The phase separation tendency is related to the miscibility of 
a polymeric system, which can be estimated by the Flory-
Huggins formula. 37-39 The Gibbs free energy change of mixing, 
ΔG is expressed as;  

 
∆G ∝RT[{(φ1/P1)ln φ1 +(φ2/P2)ln φ2} + {χ12φ1φ2}] 
 
Here, φi and Pi (i = 1,2) denote the volume fraction and degree 
of polymerization of component i, respectively, and χ12 shows 
the interaction parameter, and R and T are the gas constant and 
temperature, respectively. The former two terms in parenthesis 

represent the entropic contribution, and the last term the 
enthalpic contribution.  

As can be seen from the results of mercury intrusion 
measurement, the volume fraction of the skeleton decreases as 
the amount of PEO increases (Fig. 2A). This tendency is opposite 
to the case of FeOOH-poly(acrylamide) monoliths17, where the 
volume fraction of the gel skeleton increased with an increase 
of added polymer. The TG-DTA measurement showed almost 
no difference in TG and DTA curves between as-dried monoliths 
prepared with and without PEO.  The above results indicate that 
it can be considered that PEO and iron(III) oxyhydroxide 
oligomers are respectively major constituents of solvent- and 
gel-phase, and PEO can be almost completely removed by the 
solvent exchange.  

3.2 Control of crystallinity and mesostructures 

For the obtained as-dried monoliths (wPEO = 50 mg), calcination 
was carried out, and the results of XRD measurement are shown 
in Fig. 3B. Although no obvious diffractions were observed for 
the samples heat-treated at 250 °C, diffractions corresponding 
to α-Fe2O3 (PDF No. 33-0664 from JCPDS-ICDD) appeared in the 
sample heat-treated at 300 °C. In the sample heat-treated at 
350 °C, the intensities and widths of the peaks increased due to 
the growth of the crystallites. The thermal analysis of the as-
dried monoliths showed that the weight loss occurred in the 
temperature range 200-300 °C (Fig. 3A). From the result of the 
XRD measurement, the weight loss corresponds to the loss of 
water generated by the transformation from oxyhydroxide to 
oxide. Substantial shrinkage was observed on the heat-
treatment of the monoliths (Fig. S4), and crack formations were 
observed depending on the heating rate. The heat-treatment 
carried out at 0.4 °C min-1 as the highest heating rate avoided 
cracking. Fig. 3C-H show results of SEM and FE-SEM 
observations, respectively. Here, the entire macroporous 
structures and the monolithic forms were maintained during 
the heat-treatment. On the other hand, it was found that the 
grains constituting the skeleton grew in size as the heat-
treatment temperature increased (Fig.3F-H). The mercury 
intrusion measurements showed that the macropore diameter 
decreased by 25 % at 250 °C, but remained almost unchanged 
by further heating from 250 to 350 °C (Fig. S5, Table 1). Nitrogen 
sorption measurements showed that the mesopore size 
distribution shifted considerably to larger pore size range with 

 

Figure 3. (A)TG curves and DTA curves; as-dried monolith: wPEO = 50 mg (black 
curves), as-dried monolith: wPEO = 0 mg (red dash curve), and PEO (blue dash 
curve). (B) XRD patterns of the samples heat-treated at different temperatures. 
(C-E) SEM images of heat-treated iron(III) oxide monoliths and their appearance;  
(C) 250 °C (D) 300 °C (E) 350 °C. (F-H) FE-SEM images of heat-treated iron(III) oxide 
monoliths; (F) 250 °C (G) 300 °C (H) 350 °C. 

 

Figure 4. (A) Nitrogen adsorption-desorption isotherms (B) BJH pore size 
distributions obtained from the adsorption branch of iron(III) oxyhydroxide or 
oxide monoliths heat treated at different temperatures. 
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an increase of the heat-treatment temperature (Fig. 4B, Table 
1). 

3.3 Influences of hierarchical structures on their adsorption 
performance 

Aqueous Congo red solution was selected as a model adsorbate. 
Congo red is typically adsorbed onto the surface of iron oxides 
and (oxy)hydroxides by interacting with iron and hydroxide 
groups of them with the amine groups of Congo red molecules, 
by coordination and H-bonding, respectively.27 It is widely used 
as an adsorption model due to its strong absorbance in the 
visible region, and the results can be compared with a lot of 
preceding works. 

3.3.1. Influences of micro-/mesoporous structures on their 
maximum adsorption capacity 

Figure S6 shows the absorption spectra of the Congo red 
solutions after the treatment with crushed monoliths (<20 μm) 
for 72 h. The initial concentration of the Congo red solution was 
100 mg L-1. In Fig. S6a, the Congo red was almost completely 
removed from the water by 6.0 mg of as-dried iron(III) 
oxyhydroxide monoliths (wPEO = 50 mg). The maximum 
adsorption capacities of the monoliths to Congo red estimated 
from the similar measurements using 2.0 mg and 4.0 mg of the 
monoliths were 473 mg g-1 and 467 mg g-1, respectively. There 
was almost no difference of the obtained maximum adsorption 
capacities regardless of the absolute amount of the monoliths 
between 2.0 mg and 4.0 mg. The maximum adsorption capacity 
of the as-dried iron(III) oxyhydroxide monoliths is much higher 
than that of the majority of previously reported iron 
oxyhydroxide and oxide porous materials.21-27 Figure S6B shows 
the absorption spectra of the Congo red solutions after 

Table 1. Pore properties of the samples heat-treated at different temperatures. 

sample dmacroa /μm dmesob /nm ρbc /g cm-3 ρsd /g cm-3 Porositye /% SBETf /m2 g-1 

as-dried (wPEO = 0 mg) - 5.5 - - - 371 
as-dried (wPEO = 30 mg) - 5.5 - - - 405 
as-dried (wPEO = 35 mg) 0.28 5.5 0.815 2.22 63 340 
as-dried (wPEO = 40 mg) 0.55 5.5 0.626 2.22 72 382 
as-dried (wPEO = 45 mg) 0.67 4.9 0.573 2.19 74 357 
as-dried (wPEO = 50 mg) 1.10 5.5 0.557 2.17 74 384 
as-dried (wPEO = 55 mg) 1.30 4.9 0.550 2.04 73 348 
as-dried (wPEO = 60 mg) 2.50 5.5 0.462 1.66 72 349 
sample heated at 250 °C 0.83 7.2 0.630 2.87 78 212 
sample heated at 300 °C 0.83 12.2 0.540 2.65 80 124 
sample heated at 350 °C 0.83 28.1 0.647 3.02 79 49 

a Macropore size determined by the mercury porosimetry. b BJH mesopore size determined by the nitrogen sorption analysis. c 
Bulk density obtained by the mercury porosimetry. d Skeletal density obtained by helium pycnometry. e Calculated by 100 × 
(1- ρb/ρs). f Specific surface area obtained by the BET method. 

Table 2. BET surface area and the maximum Congo red removal capacity of various adsorbents. 

Adsorbent Sample SBET /m2 g-1 Maximum Adsorption Capacity 
for Congo red, Cmax /mg g -1 

Reference 

as-dried (50): amorphous FeOOH  384 467 this study  
as-dried (0): amorphous FeOOH 371 452 this study 
sample heated 250 °C : - 212 185 this study  
sample heated 300 °C: crystalline α-Fe2O3 124 123 this study  
sample heated 350 °C : crystalline α-Fe2O3 49 64 this study 
mesoporous α-Fe2O3 111 53 21 
hollow urchin-like α-FeOOH nanostructures 239 239 22 
hierarchical urchin-like α-Fe2O3 69 66 22 
hollow nest-like α-Fe2O3 sphere 152 160 23 
α-Fe2O3 hollow structures 33 94 24 
α-Fe2O3 nanoparticles and nanowhiskers 164 254 25 
α-Fe2O3 nanorods 23 78 26 
α-Fe2O3 porous nanorods 23 78 27 
α-FeOOH nanorods 39 160 27 
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treatments using 4.0 mg of crushed monoliths with different 
macro-mesoporous structures. The maximum adsorption 
capacities calculated from the obtained spectra are summarized 
in Table 2, and the adsorption isotherms are shown in Figure S7. 
The zeta potential and the corresponding pH of the different 
samples are summarized in Table S1. Only negligible differences 
in the maximum adsorption capacity and the zeta potential 
were recognized between monoliths with (wPEO = 50 mg) and 
without (wPEO = 0 mg) macropores, indicating that the molecular 
level surface environments are essentially the same regardless 
of the presence of macropores. With an increase of the heat-
treatment temperature, the zeta potential value changed from 
positive to negative, and the corresponding pH of the solution 
increased. This is due to the reduction of surface hydroxy 
groups accompanied by the transformation from oxyhydroxide 
to oxide. The temperature evolution of BET surface area also 
indicates the reduction of hydroxyl groups at elevated 
temperatures. The abundant surface hydroxy groups are 
therefore considered to contribute to the high values of 
adsorption capacity27. It was not, however, possible to clearly 
distinguish the effects of hydroxy concentration and zeta 
potential on the maximum adsorption capacity possibly 
because those parameters are closely interrelated.  

3.3.2. Influences of macroscopic forms and interconnected 
macroporous structures on their performance as the flow-through 
adsorbents 

The macroporous monolith (wPEO = 50 mg: denoted as 
adsorbent a), crushed macroporous monoliths (wPEO = 50 mg, 
45-100 μm: adsorbent b), and crushed non-macroporous 
monoliths (wPEO = 0 mg, 45-100 μm: adsorbent c) were used as 
the adsorbents in the flow-through set up. Scanning electron 
micrographs of adsorbent b and c are shown in Fig. S8. The 160 
mL of 100 mg L-1 Congo red solution was pumped into the 
packed beds of the 0.10 g of adsorbents (Fig. 5A). Figure 5b 
shows the appearance of the flow-through adsorbents when 15 
mL of the Congo red solution was loaded. Figure 6a shows the 
removal efficiencies of Congo red with the loading increment of 
20 mL. The removal efficiencies were also investigated by 
normalizing to the column volume of 0.18 cm3, which was the 
volume of 0.10 g of adsorbent a (Fig. 6B). Here, it was impossible 

to pump into the non-macroporous monolith (wPEO = 0 mg) 
because of its high back pressure. 

As shown in Fig. 6AB, the adsorbent b and the adsorbent c 
exhibited significant differences in the adsorption performance 
on both mass and column volume bases. With loading of 20 mL, 
the removal efficiencies of Congo red were nearly 100 % by the 
adsorbent b, whereas less than 50 % by the adsorbent c. The 
enhanced mass transport by the interconnected macroporous 
structure into the particles made this difference (Scheme 2). 
The interconnected macropores strongly influence on the mass 
transport efficiency and adsorption performance in the flow-
through set up for the particles with the similar macroscopic 
sizes.  

The removal efficiency of the adsorbent b was higher than that 
of the adsorbent a per mass, whereas the opposite result was 
obtained per column volume (Fig. 6). Regarding the results per 
mass, the difference of these removal efficiencies can be due to 
the larger macroscopic surface area and the larger apparent 
column volume caused by crushing. It can be considered that 
the resulting macroscopic surface area contributed to improve 
the accessibility to the adsorption sites, and larger column 
volume contributed to higher contact probability of the solution 
to the adsorbent. When normalized by the column volume, the 
mass of the adsorbent a is about 1.8 times larger than that of 
the adsorbent b, (0.10 g vs. 0.055 g), thus the removal 
efficiencies of the adsorbent a became apparently higher than 
that of the adsorbent b per column volume.  

To investigate the stability of the adsorbent, the iron 
concentration of the total treated solution from adsorbent a 
(0.10 g) was measured by the ICP-AES. The concentration of iron 
was determined under 0.10 ppm. The result ensures the 
sufficient stability of the adsorbent in the flow-through set-up. 

 

Figure 5. Appearance of the packed beds of the adsorbents. The weight of each 
adsorbent is fixed as 0.10 g. (B) Appearance of the continuous flow-through 
adsorbents when pumped with 15 mL of aqueous Congo red solution. (a) As-dried 
macroporous monolith 0.10 g: wPEO = 50 mg. (b) As-dried crushed macroporous 
monoliths 0.10 g: wPEO = 50 mg. (c) As-dried crushed non-macroporous monoliths 
0.10 g: wPEO = 0 mg. 
 

 

Scheme 2. Schematic illustration of the influences of macroscopic forms (monolith 
vs. powder) and macroporous structure on mass-transfer. 

 

Figure 6. Removal efficiency by each packed bed. The efficiency is normalized 
by (A) the weight of each adsorbent (0.10 g) and (B) the column volume of each 
adsorbent (0.18 cm3). The weights of adsorbent a, b and c in (B) are 0.10 g, 
0.055 g and c = 0.11 g, respectively. 
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From these facts, macroporous monoliths with multiscale 
porosity can be considered to have high benefits to improve 
adsorption performance per column volume, and even crushed 
macroporous monoliths can offer higher performance than the 
particles of similar size without macropores in the flow-through 
set up. Depending on the applications, designing hierarchical 
structures from the meso- and micro- to macroscopic scales is 
one of the most important strategies to realize better 
functionalities in inorganic materials. We found that this can be 
realized in this work, and also aim to establish multiscale porous 
structures control methods for other transition metal-based 
materials. 

Conclusions 
In summary, we have successfully synthesized crack-free 
iron(III) oxyhydroxide and oxide monoliths with controlled 
multiscale porosity via a modified sol-gel process accompanied 
by phase separation. In particular, an employment of a water-
soluble polymer PEO that induces phase separation and does 
not have strong interactions with iron ions and (oxy)hydroxide 
species leads to macropore skeletons with a higher fraction of 
inorganic species. The resultant materials are thus mechanically 
stable enough to reproducibly give crack-free iron(III) oxide 
monoliths by calcination.  
   In the flow-through set up, the adsorption performance 
decreased in the order of macroporous monolith, crushed 
macroporous monoliths, and crushed non-macroporous 
monoliths. The interconnected macroporous structures had a 
great advantage on the mass transport into the particles, and 
provided better accessibility. In addition, the crack-free 
macroporous monolith had the highest removal efficiency per 
column volume because of its higher density and good 
accessibility. This synthetic strategy to control the multiscale 
porous structure of iron(III) oxyhydroxide and oxide monoliths 
can be applied to the other applications in flow-through 
systems such as catalysis and separation.  
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