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Abstract Because of the high specific surface area,

polyporous structure and ease of preparation, porous

biochar from lignocellulosic biomass is popular for

being used as support for enzyme immobilization. In

this work, polyporous biochar combined with mag-

netic particle c-Fe2O3 was prepared by calcination and

then used as support for cellulase adsorption. The

effects of calcination temperature and time on the

properties of magnetic polyporous biochar were

investigated and the optimum preparation condition

was obtained. For the cellulase adsorption, the immo-

bilization capacity for the magnetic support reached as

high as 266 mg/g with a relative activity of 73.6%

compared with that of free cellulase. The behavior of

cellulase adsorption showed that an endothermic

process occurred more easily at high temperatures,

which resulted in a high adsorption amount.

Keywords Polyporous biochar � Cellulase
immobilization � Physical adsorption � Magnetism

Introduction

In recent years, new sustainable energy, especially

bioethanol, has received wide attention. As a ‘‘green’’

approach, preparation of bioethanol from lignocellu-

losic biomass by enzymatic hydrolysis and bio-

fermentation is very popular, due to the environmental

friendly and low production cost (Sassner et al. 2008;

Haghighi et al. 2013). Cellulase is a kind of complex

enzyme, which consists of endoglucanase, exoglu-

canase and b-glucosidase. It is very useful in the

lignocellulosic cellulose hydrolysis for glucose pro-

duction (Bansal et al. 2009; Chander et al. 2016; Lin

et al. 2017). However, cellulase has good water

solubility, which makes it difficult to separate from

the products and cannot be recycled. Therefore,

effective recovery and reuse of cellulase has received

great attention.

Immobilization of bioactive materials such as DNA

(Ramakrishnan et al. 2016), protein (Rusmini et al.

2007), enzyme (Altinkaynak et al. 2016) and cell

(Kumar et al. 2016) on the surface of solid has been

proven to be effective and feasible to recover and

improve the stability and reusability of the bioactive

materials. In general, the immobilization methods can

be divided into physical adsorption and covalent

bonding. Physical adsorption includes van der Waals

force, ionic bonds, and the hydrogen bonds between

solid materials and enzymes (Zang et al. 2014).

Covalent bonding means that the activated functional

groups of support react with other groups (–COOH, –
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NH2, –SH, etc.) (Barbosa et al. 2013) on the surface of

the enzyme to produce covalent bonds, thereby

binding the enzyme onto the support.

For the physical method, it is convenient and rarely

changes the structure of enzyme, thus retaining most

of the enzyme’s activity (Teofil et al. 2014). Meso-

porous materials have a large specific surface area, a

variety of pore structures and high biocompatibility

(Zhou 2013), which are desirable supports for enzyme

immobilization. Piras (Piras et al. 2011) prepared

immobilized human lysozyme loaded into the pores of

SBA-15 mesoporous silica by the immunogold stain-

ing method. Bhattacharyya (Bhattacharyya et al.

2010) studied two ordered mesoporous materials that

presented similar structure and texture but had differ-

ent chemical composition and surface properties for

lysozyme adsorption. The adsorbents showed a high

lysozyme adsorption amount and provided a crucial

size-selective parameter to address guest enzyme

adsorption. However, for the mesoporous materials,

especially silica mesoporous materials with order pore

structure, how to design the size of the pore would

directly affect the adsorption amount of enzyme.

Simultaneously, the microenvironment of the inner of

pore and the surface of adsorbent are quite different,

and the mobility and flexibility of enzyme would be

limited more inside the pore. Furthermore, the enzyme

inside the pore is difficult or even impossible to

participate in the hydrolysis reaction (Yuichi et al.

2014). Therefore, developing adsorbents with large

specific area, open pore structure and plenty attach-

ment points on the surface for enzyme immobilization

may relieve these negative effects.

Polyporous biochar is a kind of solid material

formed from the thermochemical decomposition of

lignocellulosic materials (Ahmad et al. 2014; Cha

et al. 2016). The main element components of biochar

contain carbon, oxygen and hydrogen, and it is usually

used in wastewater treatment (Thompson et al. 2016)

and electrode material (Qian et al. 2015). However,

the polyporous biochar-based adsorbent for cellulase

adsorption has been rarely reported. On the one hand,

polyporous biochar with high specific surface area and

rich pore structure can provide more active sites for

enzyme immobilization. On the other hand, poly-

porous biochar has a wide range of sources, which

means it is easy to be obtained and economical. Thus,

it could be an ideal adsorbent for cellulase adsorption.

In addition, to facilitate recycling, combining with

magnetic materials could allow selective recovering

from the reaction medium by applying an external

magnetic field. However, there are few literatures on

the preparation of magnetic polyporous biochar by

calcination method that could generate a uniform

magnetic particles on the surface of polyporous

biochar. With the assistance of calcination method,

the magnetic polyporous biochar for cellulase immo-

bilization could be expected.

Therefore, in this work, for the adsorbent prepara-

tion, the magnetic polyporous biochar was prepared by

calcination method, where the calcination time and

temperature have been considered. For the cellulase

adsorption, the structure of adsorbent, adsorption

temperature and the adding amount of adsorbent were

considered for the discussion of cellulase adsorption

behavior. Finally, there was a simple evaluation of the

enzymatic and reusability of the immobilized enzyme.

Experimental

Materials

Sugarcane bagasse was collected from Guangxi,

China. Potassium hydroxide (KOH), hydrochloric

acid (HCl, 35–37wt %), ferric chloride hexahydrate

(FeCl3�6H2O), ferrous chloride tetrahydrate (FeCl2-
4H2O), ethanol and carboxyl methyl cellulose sodium

(CMC) were purchased from Nacalai Tesque, Inc.

(Tokyo, Japan). Cellulase was bought from Meiji

Seika Pharma Co., Ltd (Tokyo, Japan).

Preparation of polyporous biochar

The pyrolysis process for the preparation of porous

biochar is widely reported, and the biomass material is

usually activated by KOH (Azargohar and Dalai 2008)

to obtain a larger specific surface area. Bagasse was

pulverized (\ 1 mm) and boiled in water at 95 �C for

8 h. After being dried at 60 �C for 24 h, the bagasse

was mixed with KOH and ethanol (1 g:1 g:12 mL) in

a beaker at 60 �C for 5 h, and the mixture was dried at

60 �C for 12 h. Then, the dried mixture was put in a

tube furnace and carbonized at 800 �C for 2 h under a

N2 protection and with a heating rate of 10 �C/min.

The generated products were ground and immersed in

12.5 mL of 1.5 M HCl for 2 h to remove the ash and

alkali. After being washed with distilled water several
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times and dried at 60 �C for 24 h, the polyporous

biochar was obtained and denoted as C.

Preparation of magnetic polyporous biochar (C/c-
Fe2O3)

In order to better combine C and c-Fe2O3, a calcina-

tion method has been used. At the same time, the

temperature and time of calcination as well as the ratio

of C, Fe3? and Fe2? were discussed. (a) Calcination

temperature: 0.1 g C was added in 2 mL ethanol

solution (containing 0.2 mmol FeCl3�6H2O and

0.1 mmol FeCl2�4H2O). The mixture was dried at

70 �C for 10 min in tube furnace, and then the

temperature was raised to 400–700 �C and kept for

1 h (N2 protection, heating rate of 10 �C/min).

(b) Calcination time: the experimental procedure

was similar as mentioned above. The calcination

temperature was 500 �C and the calcination time was

set from 10 to 120 min. (c) The ratio of C, Fe2? and

Fe3?: the mixture of C, FeCl3�6H2O and FeCl2�4H2O

with three ratios of 0.1 g:0.2 mmol:0.1 mmol,

0.1 g:0.4 mmol:2 mmol, and 0.1 g:1 mmol:0.5 mmol

were calcined at 500 �C for 1 h, respectively. The

specific conditions are listed in Table 1.

Immobilization of cellulase

A certain amount of support was added in 10 mL

cellulase solution (pH 4). The solution was placed into

an air bath shaker and shaken with an oscillation speed

of 120 r/min for 12 h. During this process, 0.2 mL

mixture was taken out. After separation by magnet,

0.05 mL supernatant was used for the determination of

residual cellulase concentration at 30 min, 1 h, 3 h,

6 h, 9 h and 12 h, respectively. The residual concen-

tration of cellulase was determined by the Bradford

protein assay method and the cellulase loading amount

was calculated from the following equation:

Immobilized amount ¼ C0V0�C1V1

where C0 and V0 is the concentration and volume of

initial cellulase solution, respectively. The C1 and V1

is the concentration and volume of cellulase solution

after immobilization, respectively.

Characterization

The structure and composition of samples were

characterized by the X-ray diffraction (XRD) using a

PANalytical X’ Pert Pro (UK) instrument. The mag-

netism of C/c-Fe2O3 was determined by vibrating-

sample (VSM, Riken Denshi Co. Ltd., Japan). The

specific surface areas of samples were determined by

Brunauer–Emmett–Teller (BET) nitrogen adsorption

method at 77 K using ASAP 2020 analyzer (Mi-

cromeritics, USA). The morphologies of samples were

analyzed by scanning electron microscope (SEM,

Hitachi S-4300, Japan). The cellulase concentrations

were determined by UV–Vis spectrophotometer (UV–

Vis, U-5100, Japan).

Table 1 Preparation conditions of C/c-Fe2O3

Number C (g) FeCl2�4H2O (mmol) FeCl3�6H2O (mmol) Temperature (�C) Time (min) Remarks

Temperature variable 0.1 0.1 0.2 400 60

0.1 0.1 0.2 500 60

0.1 0.1 0.2 600 60

0.1 0.1 0.2 700 60

Time variable 0.1 0.1 0.2 500 10

0.1 0.1 0.2 500 30

0.1 0.1 0.2 500 60

0.1 0.1 0.2 500 90

0.1 0.1 0.2 500 120

Feeding ratio variable 0.1 0.1 0.2 500 60 1#

0.1 0.2 0.4 500 60 2#

0.1 0.5 1 500 60 3#
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Activity assay

The cellulase activity was evaluated according to

IUPAC method (Ghose 1987). An immobilized cellu-

lase containing 0.2 mg of cellulase was added in

10 mL 1% CMC solution (pH 4). After being hydrol-

ysed at 50 �C for 30 min, the mixture was separated by

a magnet for 5 min. Then, 1 mL supernatant was

mixed with 2 mL DNS solution. The mixing solution

was put into boiling water for 5 min. Finally, 10 mL

distilled water was added to dilute the reaction

solution. The amount of glucose was determined by

a UV–Vis spectrophotometer at 540 nm. The Interna-

tional Unit of cellulase activity (IU/mg cellulase) is

defined as a certain amount of cellulase that hydro-

lyzes CMC to produce 1 lmol glucose per minute.

Reusability assay

For an application factor, a long enzymatic hydrolysis

time would be a good method to determine the

reusability of immobilized enzyme (Zang et al. 2014).

The immobilized cellulase (containing 3 mg cellu-

lase) was distributed in 10 mL 1% CMC solution (pH

4) for 24 h of hydrolysis at 50 �C. After separation by
a magnet, the mass of glucose in supernatant was

determined by UV–Vis spectrophotometer at 540 nm,

and the immobilized enzyme was added into a fresh

substrate solution for a new hydrolysis. This process

was repeated 5 times.

The recovery rate ¼ Mn=M1 � 100%

where Mn is the mass of glucose produced by the nth

saccharification, and the M1 is mass of glucose

produced at the first time.

Results and discussions

Characterizations of C/c-Fe2O3 composites

The SEM images of C and C/c-Fe2O3 composites are

given in Figs. 1 and 2. From the SEM image of C

(Fig. 1a), a clearly allium-giganteum-like porous

structure (Chen et al. 2017b) is found, and it has a

smooth surface. After calcination, a lot of crystals

grow on the surface of C/c-Fe2O3 composites, indi-

cating that c-Fe2O3 has grown well on the surface of

porous biochar (Fig. 1b–e). In Fig. 1, the calcination

temperature shows an important influence on the

formation of c-Fe2O3. At first, only some needle

crystals are formed at 400 �C (Fig. 1b). As the

temperature increases, the amount of crystallization

also increases (Fig. 1c, d). However, when the tem-

perature further reaches 700 �C, the amount of

crystallization is reduced (Fig. 1e), which means that

excessive temperature would destroy the structure of

c-Fe2O3. The effect of calcination time on the

formation of crystals can be visually seen from

Fig. 2, which is similar to the effect of calcination

temperature. At the calcination time of 60 and 90 min,

the crystals are well distributed in the polyporous

biochar surface and the macroporous. However, as

shown in Fig. 2e, a long time could reduce the amount

of crystallization.

The calcination temperature and time have great

influence on the formation of magnetic particles. The

XRD patterns of C and C/c-Fe2O3 composites with

different calcination temperature are shown in Fig. 3a.

For polyporous biochar, a broad diffraction peak

appears at 23.1�, which is attributed to the (002) plane
of graphite resulted from its amorphous nature.

Meanwhile, the (100) plane of graphite is found at

43.4� (a weak diffraction peak) (Chen et al. 2017c).

The results prove that bagasse has been completely

converted after pyrolysis. For C/c-Fe2O3 composites

calcined at 500 �C, there are 9 diffraction peaks at

2h = 18.3�, 25.0�, 30.0�, 35.4�, 37.0�, 43.0�, 53.4�,
56.9� and 62.5�, which are assigned to the diffraction

of (111), (210), (220), (311), (222), (400), (422), (511)

and (400) planes of c-Fe2O3 (JCPDS card No.

39-1346) (Wu et al. 2015), respectively. When the

temperature is higher than 500 �C, some diffraction

peaks of c-Fe2O3 become weak or even disappear

because the high temperature would give rise to the

partial transformation of magnetic hematite into

hematite (Monte et al. 1997). Figure 3b shows the

XRD patterns of C/c-Fe2O3 composites with different

calcination time. The diffraction peaks of c-Fe2O3 can

be clearly found when the calcination time is 1 h. The

results show that a shorter calcination time is not

conducive to the formation of c-Fe2O3, while a longer

calcination time would destroy the structure of c-
Fe2O3 at 500 �C. Thus, 500 �C and 1 h are the

optimum calcination conditions for the C/c-Fe2O3

composites.

The magnetization curves for C/c-Fe2O3 compos-

ites at room temperature are shown in Fig. 4. The
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results show that the C/c-Fe2O3 composites calcined at

500 �C for 1 h has the highest saturation magnetiza-

tion of 0.51 emu/g. Only a small amount of c-Fe2O3 is

formed with low calcination temperature and short

calcination time. However, with high calcination

temperature or long calcination time, the magnetic

hematite would be converted into hematite. The

results are consistent with the results from SEM and

XRD.

Immobilization of cellulase by C/c-Fe2O3

composites

Considering the morphology and saturation magneti-

zation, the C/c-Fe2O3 composites calcined at 500 �C
for 1 h were chosen as support for cellulase adsorp-

tion. For the enzyme adsorption, the effects of

adsorption temperature and amount of adsorbent were

studied (Hudson et al. 2008).

To investigate the effect of the ratio of C, Fe2? and

Fe3? on cellulase adsorption, 50 mg C/c-Fe2O3 com-

posites was added in 10 mL 4 mg/mL cellulase

Fig. 1 SEM images of a C and C/c-Fe2O3 composites calcined at b 400 �C, c 500 �C, d 600 �C and e 700 �C for 1 h

Fig. 2 SEM images of C/c-Fe2O3 composites calcined at 500 �C for a 10 min, b 30 min, c 60 min, d 90 min and e 120 min
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solution with an air bath oscillator at 50 �C for 12 h.

Figure 5 illustrates that 1#, 2# and 3# have similar

adsorption curves. After adsorption for 30 min, the

cellulase adsorption amount of 1#, 2# and 3# reach

108, 118 and 96 mg/g respectively, indicating that C/

c-Fe2O3 composites have good adsorption ability for

cellulase. In addition, there are slight difference of

their adsorption curve after 9 h. 1#, 2# and 3# are close

to a state of balance, while they are still slowly rising.

It should be further explained in conjunction with the

structure of C/c-Fe2O3 composites.

As the ratio of C, Fe2? and Fe3? increases, the

amount of crystallization also increases. The mor-

phology of the polyporous biochar changed signifi-

cantly. Especially for 3#, there is a stack of c-Fe2O3 on

the surface of polyporous biochar (Fig. 6). Mean-

while, the highest saturation magnetization increased

from 0.51 to 1.74 emu/g (Fig. 7b). However, the

X-ray diffraction patterns of 1#, 2# and 3# indicate

that their crystallization structure has not been

changed (Fig. 7a). All the composites show a com-

bined I/IV sorption isotherm in the N2 adsorption–

desorption isotherm (Fig. 8), which indicates that

there is a composite pore structure in the C/c-Fe2O3

composites (Chen et al. 2017b). The pore size, BET

surface area, total pore volume, cellulase adsorption

amount and zeta potential are given in Table 2.

Compared with 1# and 2#, the BET surface area of

3# is less than half. It is obviously caused by that the c-
Fe2O3 is deposited on the surface of the polyporous

biochar as well as in the pores (Fig. 6). However, the

cellulase adsorption amount of 1#, 2# and 3# are not

much different, which are 266, 260, 252 mg cellulase/

g adsorbent after adsorption for 12 h, respectively.

Fig. 3 X-ray diffraction patterns for C and C/c-Fe2O3 composites with different calcination temperature (a) and time (b)

Fig. 4 Magnetization curves for C/c-Fe2O3 composites with different calcination temperature (a) and time (b)
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This should be due to the size of the pore and cellulase.

Cellulase is an elongated object, and the horizontal

and vertical are 12.4 and 3.7 nm (Chen et al. 2017a),

which is bigger than the average pore size of the

adsorbents. Thus, many mesoporous structures inside

the adsorbent cannot accommodate one cellulase

molecule. The cellulase should be adsorbed on the

surface of C/c-Fe2O3 composites. Simultaneously, the

zeta potentials of 1#, 2# and 3# are - 37.94 ± 5.35,

- 21.28 ± 6.44 and 30.39 ± 6.08 mV, respectively.

This shows that all three materials have strong

adsorption capacity. Eventually, the adsorption

amounts of the three adsorbents are not much differ-

ent. However, there is still a part of cellulase that is

immobilized by pore adsorption, but the process is

slow. Thus, after 12 h of adsorption, the cellulase

adsorption amount still rises slowly.

50 mg of 1# was added in 10 mL 4 mg/mL

cellulase solution with an air bath oscillator for 12 h

at 20, 35 and 50 �C, respectively. As given in Fig. 9,

with the increasing temperature, the adsorption

amount of cellulase is increased in the whole temper-

ature range. According to the above analysis, a part of

cellulase is adsorbed by pore adsorption. At a higher

temperature, it is easy to break the initial interaction

between the protein and the adsorbent surface and

Fig. 5 Different adsorbents for cellulase adsorption (adsorp-

tion condition: 50 mg C/c-Fe2O3 composites and 10 mL 4 mg/

mL cellulase solution with an air bath oscillator at 50 �C for

12 h)

Fig. 6 The SEM images of 1#, 2# and 3#
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occurs an endothermic process (Lei et al. 2004). Thus,

the adsorption amount of cellulase would increase

when the temperature increases. However, consider-

ing excessive temperature that can cause enzyme

inactivation, 50 �C is determined as the optimum

adsorption temperature in this work.

At a certain enzyme concentration, the amount of

adsorbent has a direct effect on the amount of enzyme

adsorption. As shown in Fig. 10, 10, 50 and 100 mg of

1# were added in 10 mL 4 mg/mL cellulase solution

with an air bath oscillator for 12 h at 50 �C.
Obviously, the total amount of adsorption increases

Fig. 7 The XRD patterns (a) and magnetization curves (b) of 1#, 2# and 3#

Fig. 8 N2 adsorption–desorption isotherm (a) and the pore size distribution (b) by BJH method of different C/c-Fe2O3 composites

Table 2 The average pore size, BET surface area, total pore volume, cellulase adsorption amount and zeta potential of C/c-Fe2O3

composites

C/c-Fe2O3

composites

Average pore

size (nm)

BET surface

area (m2/g)

Total pore

volume (cm3/g)
Adsorbed

amount (mg/g)

Zeta potential

(mV)

1# 3.6 422.6 0.119 266 - 37.94 ± 5.35

2# 3.3 393.9 0.113 260 - 21.28 ± 6.44

3# 2.7 156.5 0.103 252 30.39 ± 6.08
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as the amount of adsorbent increases, and the adsorp-

tion rate of cellulase are 26.0%, 33.3% and 39.5%,

respectively. When the unit is converted to mg

cellulase/g adsorbent, the enzyme loading amount is

1040, 266 and 158 mg cellulase/g adsorbent, respec-

tively. However, it can be predicted that when the

adsorbent is added in an amount of 10 mg, the

cellulase on the surface of the composite may be

stacked. Therefore, 50 mg adding adsorbent should be

the optimum adding amount in this work.

Compared with some recently reported literature

(Table 3), the magnetic polyporous biochar possessed

excellent performances for cellulase adsorption. This

should be attributed to the magnetic polyporous

biochar has a high specific surface area, rich pore

structure and a high zeta potential which can provide

more sites for enzyme immobilization. In addition,

this kind of magnetic polyporous biochar is easily

obtained and widely available. Therefore, the mag-

netic polyporous biochar prepared in this work is

considered to have practical value.

Activity assays

The structure or microenvironment of the cellulase

was changed after being adsorbed to the surface of

adsorbent, which would change the activity of the

enzyme. Figure 11 shows the relative activity of free

cellulase, 1#, 2# and 3# immobilized cellulase.

Compared with that of free cellulase, the relative

activity of 1#, 2# and 3# immobilized cellulase is

73.6%, 66.0% and 57.5%, respectively. The mobility

and flexibility of immobilized cellulase would weaken

when it is immobilized onto the surface of adsorbent,

leading to a decrease in the activity of cellulase.

Reusability assays

To compare the relative activity of 1#, 2# and 3#, 1#

was selected for reusability assays. As shown in

Fig. 12, after the hydrolysis of CMC by 1# for 24 h,

the glucose yield is 259.3 mg glucose/g CMC. How-

ever, as the number of uses increases, the glucose yield

gradually decreases. This may be caused by the

following reasons. The physical adsorption may be not

strong enough, and the cellulase desorbs from the

surface of polyporous biochar during the hydrolysis

process. In addition, the end-product inhibition and

protein denaturation may also cause the loss of activity

of the immobilized cellulase (Jordan et al. 2011).

Conclusions

In this work, calcination method was used for the

preparation of magnetic polyporous biochar. Calcina-

tion temperature and time show direct impacts on the

formation of C/c-Fe2O3. As the temperature increases,

the amount of crystallization increases. However,

higher temperature or long-term calcination would

destroy the structure of c-Fe2O3. The optimum

Fig. 9 Different temperature for cellulase adsorption (adsorp-

tion condition: 50 mg C/c-Fe2O3 composites and 10 mL 4 mg/

mL cellulase solution with an air bath oscillator for 12 h at 20,

35 and 50 �C, respectively)

Fig. 10 Different adsorbent amount for cellulase adsorption

(adsorption condition: 10, 50 and 100 mg C/c-Fe2O3 compos-

ites and 10 mL 4 mg/mL cellulase solution with an air bath

oscillator for 12 h at 50 �C, respectively)
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condition is confirmed: calcination temperature is

500 �C and calcination time is 60 min. The large

specific surface area (422.6 m2/g) of 1# has a high zeta

potential (- 37.94 ± 5.35 mV), which shows a good

cellulase adsorption capacity (266 mg cellulase/g

adsorbent) after 12 h of adsorption at 50 �C. Simul-

taneously, the immobilized cellulase retains 73.6% of

the activity compared with free cellulase (at 50 �C and

pH 4). Besides, it has some reusability which main-

tains 51.7% glucose yield after three uses.
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