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Abstract 

Highly efficient isomerization of glucose to fructose is essential for valorizing cellulose fraction of biomass to value-
added chemicals. This work  provided an innovative method for preparing Mg-biochar and Mg–K-biochar catalysts 
by impregnating either  MgCl2 alone or in combination with different K compounds (Ding et al. in Bioresour Technol 
341:125835, 2021, https:// doi. org/ 10. 1016/j. biort ech. 2021. 125835 and  KHCO3) on cellulose-derived biochar, followed 
by hydrothermal carbonization and pyrolysis. Single active substance MgO existing in the 10Mg–C could give better 
catalytic effect on glucose isomerization than the synergy of MgO and KCl crystalline material present in 10Mg–KCl–C. 
But the catalytic effect of 10Mg–C was decreased when the basic site of MgO was overloaded. Compared to other 
carbon-based metal catalysts, 10Mg–KHCO3–C with 10 wt%  MgCl2 loading  had  excellent catalytic performance, 
which gave  a higher fructose yield (36.7%) and selectivity (74.54%), and catalyzed excellent glucose conversion 
(53.99%) at 100 °C in 30 min. Scanning electron microscope–energy dispersive spectrometer and X-Ray diffraction 
revealed that the distribution of  Mg2+ and  K+ in 10Mg–KHCO3–C  was uniform and the catalytic active substances 
(MgO, KCl and  K2CO3) were more than 10Mg–C (only MgO). The synergy effects of MgO and  K2CO3 active sites 
enhanced  the pH of reaction system and  induced  H2O ionization to form considerable  OH− ions, thus easily real-
izing a deprotonation of glucose and effectively catalyzing the isomerization of glucose. In this study, we developed 
a highly efficient Mg–K-biochar bimetallic catalyst for glucose isomerization and provided  an efficient method for cel-
lulose valorization.

Highlights 

(a) The bimetallic Brønsted catalyst designed in this study  (10Mg–KHCO3–C) could achieve high fructose yield 
(36.7%) and selectivity (74.54%).

(b) The MgO  could give obtain good catalytic effect on glucose isomerization, but the catalytic effect decreased 
when the  Mg+ was overloaded.
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(c) The synergy effects of  MgO   and   K2CO3 could enhance the  pH of  reaction system and  effectively catalyze 
the isomerization of glucose.

Keywords Isomerization, Catalyst, Fructose, Biochar, MgO

Graphical Abstract

1 Introduction
The current high global population has increased the 
consumption of chemicals  considerably, and the cata-
lytic conversion of biomass feedstocks into renewable 
chemicals  has attracted a lot of attention. Cellulose is a 
polymer composed of several glucose monomers linked 
through β-1,4-glycosidic bonds. It is also the most abun-
dant component of lignocellulosic biomass (Kang et  al. 
2021). Fructose, structurally similar to glucose, is chemi-
cally more active than glucose and is easily converted 
to different molecules such as 5-hydroxymethylfurfural 
(5-HMF), furfural, and levulinic acid (LA). So, it is one 
of the most significant precursors for numerous chemi-
cals. Presently, enzymatic glucose isomerization is the 
main method for efficient fructose preparation. However, 
glucose isomerase has some disadvantages, including low 
stability, poor accessibility, and harsh reaction conditions, 

and thus  it is important and urgent to develop more effi-
cient alternative catalysts.

Biochar is a solid product with a carbon skeleton and 
rich in oxygen-containing functional groups. It also has 
a large specific surface area and a tunable pore structure 
and thus has been widely used in high-quality carbon-
based carriers (Deng et  al. 2020; Falco et  al. 2011; Kim 
et al. 2020). Carbon-based catalysts can mediate efficient 
isomerization (Kuichuan Sheng et  al. 2019; Yang et  al. 
2012; Yu et  al. 2019; Zhang et  al. 2020a). Iris Yu et  al. 
successfully prepared carbon-based catalysts with high 
Brønsted basic sites for catalytic glucose isomerization, 
which could obtain 12.8 mol% fructose yield in aqueous 
solution at 160 °C for 5 min (Yu et  al. 2019). Addition-
ally, Fu et  al. fabricated a mesoporous carbon catalyst 
with high Brønsted basic sites, which could obtain 32.4% 
fructose yield with a selectivity   up to 81.1%, in the glu-
cose isomerization process (Fu et  al. 2021a). However, 
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compared to inorganic materials-based carriers, the weak 
interaction forces between the carbon-based carriers and 
the active sites make the carbon-base carriers unable to 
achieve high stability. The  low-cost  controlled physical 
and chemical properties make them comparable to  car-
rier catalysts based on inorganic materials in terms of 
catalytic efficiency. In terms of physical properties, the 
catalytic efficiency of carbon-based catalysts usually can 
be enhanced by modifying the porosity, specific surface 
area, and crystalline structure of biochar (Fu et al. 2021b). 
Recent studies have shown that the catalytic efficiency of 
glucose isomerization enhanced by  the chemical load-
ing of metal-active substances is more than by optimiz-
ing the physical properties of biochar. Brønsted basic-site 
catalysts provided by the basic metal oxides in hydrotal-
cite also significantly contribute to glucose isomerization 
(Liu et  al. 2021c). Compared with the effects of differ-
ent catalysts (ZSM-5, γ-Al2O3,  SiO2/Al2O3,  TiO2,  ZrO2/
TiO2, MgO) on the isomerization of glucose, it has been 
revealed that higher Brønsted basic sites are effective in 
achieving higher fructose selectivity (Marianou et  al. 
2016). MgO is a highly alkaline substance, and it can be 
hydrolyzed in aqueous to form  OH− ions. Its log  Kb value 
is 21.36 (Zhang et  al. 2020b). Marianou et  al. prepared 
MgO catalysts and the optimum catalyst could reach 44.1 
wt% glucose conversion and 75.8 wt% fructose selectiv-
ity (33.4 wt% fructose yield) at 90 °C for 45 min reaction 
in aqueous solution (Marianou et  al. 2018). In addition, 
methods  of impregnating Mg into other materials have 
also been studied. Dr. Rabee et al. further explored  MgO 
impregnated  ZrO2 with different Mg/Zr atomic ratios to 
prepare the catalyst for glucose isomerization process 
(Rabee et al. 2020). The results showed that MgO–ZrO2 
could  obtain fructose yield of 33% at 95 °C after 3 h. The 
catalytic effect of alkaline Brønsted catalysts is obtained 
through  OH− ions to promote the deprotonation of glu-
cose to form an enediol intermediate, which is mainly 
related to the catalytic pathway of Brønsted catalysts 
(Marianou et  al. 2016; Suttibut et  al. 2015). However, 
the few unsaturated catalytic sites make Brønsted basic 
catalysis difficult to simultaneously ensure high glucose 
conversion and fructose selectivity. In addition, over-
exposed basic sites also attack the fructose to undergo 
a re-isomerization reaction, leading to a decrease in the 
yield of fructose. Therefore, how to tailor the content and 
species of catalytic sites in the catalyst is a key to improv-
ing  the efficiency of Brønsted catalysts.

In the study, in order to enhance glucose isomerization 
efficiency, Mg–K–C biochar-based bimetallic catalysts 
were prepared, which can provide more catalytic sites 
while altering the morphology of catalyst and increasing 
the contact area of the active sites. And the synergistic 
effects of both  Mg2+ and  K+ metal compound catalysts 

on the conversion of glucose, the yield and selectivity 
of fructose were investigated. The active catalytic sub-
stances  in the catalyst, their catalytic efficiency, and the 
catalytic mechanisms for glucose isomerization were fur-
ther defined. This work will provide excellent technical 
support for developing biochar-based glucose isomeri-
zation catalysts and high-quality biomass platform 
products.

2  Materials and methods
2.1  Materials
The glucose, MgO,  MgCl2, KCl, KOH,  KHCO3, and 
 K2CO3 used in this work   were of  analytical grade and 
were purchased from Aladding Co., Ltd. (Shanghai, 
China). Cellulose (particle size < 50 μm) was purchased 
from Aladding Co., Ltd. (Shanghai, China). All standard 
reagents (glucose, fructose) were supplied by Sigma-
Aldrich of Merck KGaA Co., Ltd. (Germany) and were 
used without further purification. Milli-Q® ultrapure 
water purification system supplied ultrapure water 
(Merck KGaA, Germany).

2.2  Preparation of biochar
10 g of cellulose and 100 mL deionized water were mixed 
in a 500 mL autoclave reactor (BS-500, Shanghai LABE 
Instrument Co., Ltd), and then heated from room tem-
perature to 220 °C and kept for 240 min. After the reac-
tion, the reactor was cooled rapidly with ice-cold water to 
stop the reaction. All the biochar and liquid phase prod-
ucts in the reactor were collected, and the biochar was 
separated by centrifuging at 10,000 rpm for 8 min. The 
biochar product was washed repeatedly with ultrapure 
water and ethanol to a pH of 7.0. The biochar, denoted 
as C, was obtained after drying to a constant weight at 
80 °C.

2.3  Synthesis of Mg–C catalyst
Mg-supported biochar catalysts were prepared through 
an impregnation-carbonization method. Firstly, in 
the aqueous solution, 1 g of C was mixed with differ-
ent masses of  MgCl2 (5 wt%, 10 wt%, and 20 wt% of C). 
Then, these mixtures were stirred for 4 h and dried at 80 
°C to a constant weight, respectively. The dried mixture 
was pyrolyzed in a tube furnace in a  N2 atmosphere (the 
flow rate is 1.5 L  min−1) at a ramp rate of 10 °C  min−1 
from room temperature to 650 °C and kept for 60 min 
(Ahmad et al. 2016, 2020). At the end of the reaction, all 
the Mg–C catalysts were removed and placed in a desic-
cator. All the Mg–C catalysts after pyrolyzed were used 
immediately after preparation to avoid deactivation in air. 
The obtained Mg–C catalysts with initial Mg loading of 0 
wt%, 5 wt%, 10 wt%, and 20 wt% were denoted as 5Mg–C, 
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10Mg–C, and 20Mg–C, respectively. The control sample 
(0Mg–C) without the  MgCl2 was prepared according to 
above conditions.

2.4  Synthesis of Mg–K–C catalyst
1 g of KCl, KOH,  KHCO3, and  K2CO3 were dissolved sep-
arately in deionized water (60 mL), and then mixed with 
the 10Mg–C. The mixture was stirred with a magnetic 
stirrer for 4 h, and then dried at 80 °C for 12 h. The dried 
mixture was pyrolyzed in a tube furnace in  N2 atmos-
phere (the flow rate is 1.5 L  min−1) at a ramp rate of 10 °C 
 min−1 from room temperature to 650 °C and maintained 
at this temperature for 60 min. At the end of the reac-
tion, all the Mg–K–C catalysts were removed and placed 
in a desiccator. All the Mg–K–C catalysts after pyrolyzed 
were used immediately after preparation to avoid deac-
tivation in air. The 10Mg–K–C catalysts with KCl, KOH, 
 KHCO3, and  K2CO3 activators   were denoted as 10Mg–
KCl–C, 10Mg–KOH–C, 10Mg–KHCO3–C, and 10Mg–
K2CO3–C, respectively.

2.5  Catalytic experiment
Glucose (10% wt/v) was added to a water suspension 
containing 0.1 g of C or Mg–C or 10Mg–K–C, respec-
tively. The control catalyst was C and MgO. In the Mg–C 
catalytic experiment, the mixture of glucose and Mg–C 
was placed in an autoclave reactor (500 mL), heated to 
target temperatures (80, 100, 120, and 140 °C), and main-
tained  at the target temperature for different times (10, 
20, 30, and 40 min). In the C and MgO catalytic experi-
ment, the mass of C and MgO was determined accord-
ing to the Mg element and accounted for 10 wt% of C, 
and the mixture of glucose and C or MgO was placed 
in an autoclave reactor (500 mL) and heated to 100 °C, 
maintained at 100 °C for 30 min. Likewise, in the Mg–
K–C catalytic experiment, the mixture of glucose and 
Mg–K–C was placed in an autoclave reactor (500 mL) 
and heated to 100 °C, and then maintained for 30  min. 
During the catalytic experiment, the mixtures were mag-
netically stirred at 300 r  min−1 to maintain homogeneity. 
At the end of the catalytic experiment, the residual cata-
lyst of 10Mg–C and 10Mg–KHCO3–C was washed with 
deionized (DI) water and then dried at 80 °C to a con-
stant weight. The dried residual catalyst would be used 
to continually conduct repeated glucose post-isomeriza-
tion experiments following the above experimental steps 
under the conditions of 100 °C for 30 min, to analyze 
the stability of catalyst. And the glucose solution after 
repeated post-isomerization experiment was used for the 
detection of Mg leaching. The number of times the cat-
alyst  was used repeatedly was denoted as X. For exam-
ple, 10Mg–KHCO3–C-3 means that 10Mg–KHCO3–C 

was used three times. All experiments were performed 
in triplicate. The results represent an average of three 
experiments and a standard deviation of 1.5%.

2.6  Characterization of biochar
Brunauer–Emmett–Teller (BET) surface areas and pore 
volumes were determined using  N2 adsorption–desorp-
tion isotherm measurements at−196 °C using a gas sorp-
tion analyzer (Micro Meritics; ASAP 2460). The samples 
were degassed at 80 °C for 16 h before analysis. The 
samples’ surface morphology and elemental composi-
tion were evaluated using scanning electron microscopy 
(SEM) coupled with energy-dispersive X-ray spectros-
copy (TESCAN MIRA4). The crystalline and amorphous 
phases were evaluated using X-ray direction analysis 
(XRD; MiniFlex 600) at a scanning range of 10–90° at 
a rate of 5°  min−1 under 40 kV and 40 mA. The chemi-
cal state of elements on sample surfaces was evaluated 
using X-ray photoelectron spectroscopy (XPS; Thermo 
Fisher Scientific K-Alpha ESCA). Solid-state 13C-NMR 
experiments were performed using a Bruker 400M spec-
trometer equipped with 4-mm zirconia rotors as sample 
holders and under a spinning MAS rate of 10 kHz. The 
chemical shift reference was tetramethylsilane (0 ppm). 
The metal quantitative analysis of the samples was evalu-
ated using an inductively coupled plasma optical emis-
sion spectrometer (Agilent Technology; ICP-OES 700).

2.7  Characterization of catalytic efficiency
The concentrations of glucose and fructose in the liquid 
phase were quantified by HPLC (Agilent 1200 Series, 
Santa Clara, CA, USA) using a Bio-Rad HPX-87H col-
umn (300 × 7.8 mm). Sulfuric acid (5 mM, 0.6 mL  min−1 
flow rate) was used as the eluent, and the column tem-
perature was maintained at 50 °C (Kang et al. 2022). Glu-
cose and fructose concentrations were determined using 
calibration curves obtained with the reference samples. 
The conversion of glucose and the yield and selectivity of 
fructose were calculated as follows:

where  IGlu and  RGlu represent the initial and final moles 
of glucose, respectively.  IFru represents the moles of 
fructose.

CGlu(%) =
(IGlu − RGlu)

IGlu
× 100%

SFru(%) =
IFru

(IGlu − RGlu)
× 100%

YFru(%) =
IFru

IGlu
× 100%,
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3  Results and discussion
3.1  Characterization of Mg–C catalyst
The results of loading capacity of  Mg2+ ions in Mg–C 
showed  that  Mg2+ ions were successfully loaded into 
the biochar (Additional file  1: Fig. S1). As shown in 
Fig. 1f, the distribution of C and O elements on the sur-
face of 20Mg–C was uniform, but there  was a significant 
aggregation of  Mg2+ ions on the surface of 20Mg–C. The 
scanning electron microscope–energy dispersive spec-
trometer (SEM–EDS) results showed that  Mg2+ ions did 

not overlap with O elements on the surface of 20Mg–C. 
From the images of SEM–EDS, it is speculated that the 
 Mg2+ ions should be adsorbed on the surface of the 
Mg–C catalyst and may create new chemical substance 
(MgO) (Kim et al. 2015; Lazzarini et al. 2016).

The  N2 adsorption and desorption curves and pore-
size distribution of Mg–C catalysts with different Mg 
loading amounts   are shown in Fig.  2. According to 
the International Union of Pure and Applied Chemis-
try (IUPAC) classification of adsorption curves, all the 

Fig. 1 SEM images of Mg–C catalysts with different Mg loadings: a C, b 0Mg–C, c 5Mg–C, d 10Mg–C, e 20Mg–C, and f EDS analysis of 20Mg–C

Fig. 2 Pore properties of Mg–C a  N2 adsorption and desorption isotherms, and b pore size distributions (inset)
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adsorption and desorption isotherms of Mg–C show type 
I isotherm, demonstrating that the structure of Mg–C 
is predominantly microporous. The results of pore-size 
distribution diagram (Fig.  2b) showed that the pores in 
Mg–C were  mainly micropores (0.5–1.5 nm) and a few 
mesopores (10–50 nm). Table  1 shows the specific sur-
face area and pore properties parameters of Mg–C cata-
lysts. Due to the high-temperature carbonization, the 
specific surface area and microporous volume of Mg–C 
catalysts  decreased from 460.77 to 378.22  m2  g−1 and 
from 0.1989 to 0.1591  cm3  g−1 when the Mg loading 
amount was increased from 0 to 20 wt%, respectively. Yin 
et al. reported the similar results that the high tempera-
ture carbonization will improve the specific surface area 
from 1.90 to 202.75  m2  g−1 (Yin et al. 2021). However, as 
the Mg loading amount was increased from 5 to 20 wt%, 
there was an  insignificant change in the specific surface 
area of Mg–C. Similarly, the results of Li et  al. pointed 
out that the changes in the loading amount of MgO/NaY 
cannot affect the specific surface area  significantly. Thus, 
it is inferred that Mg loading amount cannot affect the 
specific surface area of the carbon-based substrate (Li 
et al. 2018).

At the same time, the introduced active material 
formed by adding  MgCl2 hampers the improvement 
of specific surface area. The XRD results of Mg–C and 
C showed that C and 0Mg–C    had no Mg diffraction 
peaks within the 2-Theta of 10–90o (Fig. 3a). The 5Mg–C   
had relatively intensive diffraction peaks at 2-Theta 
of 36.9°, 42.9°, 62.3°, 74.7°, and 78.7°, attributed to the 
111, 200, 220, 311, and 222 lattice planes of MgO crys-
tals, respectively. The diffraction peak of MgO crystals 
in 10Mg–C and 20Mg–C remains constant, but the peak 
area was increased with an increase Mg loading, indicat-
ing that the increase in Mg loading does not affect the 
stability of MgO crystal. The XRD results from Yin et al. 
also illustrated that the MgO is the most important crys-
tal phase (Yin et  al. 2021). To further illustrate the pri-
mary bonding mode of Mg and C, solid-state 13C-NMR 
analyses were performed on Mg–C (Fig. 3b). A compari-
son of the solid-state 13C-NMR spectra of 0Mg–C and 
10Mg–C  revealed that these are some ester groups at 
δ = 63 ppm, carboxylic acid groups at δ = 187 ppm, and 

carbon-based substrate groups at δ = 128 ppm in both 
catalysts (Kang et  al. 2022). Compared with 0Mg–C, 
the displacement of the carboxyl peak in 10Mg–C may 
be due to the reaction of Mg ions with C–OH in the 
carboxyl group to form C–O–Mg bond. Meanwhile, 
the structure of the Mg–C catalyst was affected   by the 
Mg loading amount. The different species occurring on 
the Mg–C surface were  identified in the XPS spectra 
(Table  2, Fig.  3c–e). In all the catalysts studied herein, 
three different carbon groups  were observed from C 1s 
peak (Table  2): C–C/C=C (284.6 eV), C–OH/C–O–C 
(286.0 eV), and C=O (288.0 eV) (Chai et al. 2019). These 
groups such as C–OH/C–O–C/–C=O on the surface of 
Mg–C catalyst originate from the poly-furan, aromatic 
structure of the carbon substrate itself. Moreover, three 
different oxygen groups were observed from O 1s spec-
tra (Table  2): Mg–O (529.8 eV), –O=C (531.6 eV), and 
C–OH /C–O–C (533.0 eV) (Chai et al. 2019). Since the 
 OH− ions on the surface of C can provide reaction sites 
for the  Mg2+ ions and normally the  Mg2+ ion can only 
be bonded with  O2−, the ratio of the peak area of Mg–O 
increased   from 3.96% to 18.30%, while the C–OH/C–
O–C groups gradually  decreased   with the increase of 
Mg loading amount. The 13C-NMR and XPS results both   
illustrated that the Mg ions reacted with the C–OH from 
carboxyl group to form C–O–Mg. Additionally, two dif-
ferent Mg groups were observed from Mg 1s and Mg 2p 
(Table 2), and the results indicated  that Mg on the cata-
lyst surface was  mainly present in the form of MgO and 
Mg(OH)2 (Liu et al. 2021c).

3.2  Mg–C catalytic performance and stability analysis
The catalytic isomerization performance of C, MgO, and 
Mg–C with different Mg loading amounts is shown in 
Fig. 4. As shown in Fig. 4a, in the absence of any cataly-
sis, the glucose conversion efficiency   was only 3.62%. 
Similar, the C obtained by high temperature carboniza-
tion only caused  the conversion of little glucose (2.21%). 
Compared with the C, the pure metal oxide MgO can 
provide appreciable glucose conversion rate, but poor 
selectivity and yield. This is because the relatively high 
hydrolytic capacity of MgO (log  Kb = 21.36) can generate 
numerous  OH− ions after hydrolysis and likely provide a 

Table 1 The BET surface area and pore size of Mg-C catalyst

Sample SBET  (m2  g−1) Smicro  (m2  g−1) Smicro/SBET (%) Vmicro  (cm3  g−1) Pore size (nm)

C 36.13 20.42 56.52 0.0089 1.03

0Mg–C 460.77 385.08 83.57 0.1989 1.63

5Mg–C 437.61 371.22 84.83 0.1807 1.60

10Mg–C 416.16 360.71 86.68 0.1798 1.65

20Mg–C 378.22 333.91 88.28 0.1591 1.61
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high catalysis conversion rate (Zhang et  al. 2020b). So, 
the over-loading and the shedding of MgO on carbon-
based carrier catalyst will affect the product distribution 
and catalytic efficiency. For this purpose, the catalytic 
efficiency of catalysts with different loading quantity of 

MgO was analyzed, and the results are shown in Fig. 4b. 
As the Mg loading quantity increased from 0 to 10 wt%, 
the glucose conversion peaked at 41.80%. The uniform 
distribution of active sites MgO on the surface of bio-
char can effectively improve the accessibility of active 

Fig. 3 Chemical properties of Mg–C a XRD, b solid-state 13C-NMR spectra, and the XPS results of c 5Mg–C, d 10Mg–C, e 20Mg–C

Table 2 The XPS C 1s, O 1s, Mg 1s, and Mg 2p peak results of Mg–C

N.d. not detected

Sample C 1s O 1s Mg 1s Mg 2p

C–C/CHx/
C=C (%)

C–OH/C–
O–C (%)

–C=O (%) C–OH/C–
O–C (%)

–C=O (%) Mg–O (%) Mg–O (%) Mg–O (%) Mg(OH)2 (%)

0Mg–C 66.48 22.85 10.67 42.25 57.75 N.d. N.d. N.d. N.d.

5Mg–C 69.40 23.92 6.68 51.56 44.48 3.96 100.00 65.01 34.99

10Mg–C 65.81 28.44 5.75 48.40 42.17 9.43 100.00 50.79 49.21

20Mg–C 64.10 26.89 9.01 35.15 46.55 18.30 100.00 62.54 37.46
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substances and glucose, preventing side reactions. When 
the Mg loading quantity  increased from 10 to 20 wt%, 
the result of XRD (Fig. 3a) showed that both 10Mg–C and 
20Mg–C had the diffraction peaks of MgO crystal. How-
ever, 20Mg–C  had a higher peak intensity than 10Mg–C 
due to the overloading of Mg. Combined with the results 
of catalytic isomerization, these over-loaded basic sites 
attack the formed fructose to undergo a re-isomerization 
reaction, resulting in a decrease in the glucose conver-
sion rate. Similar to the glucose conversion trend, the 
fructose selectivity as well as yields catalyzed by C and 
0Mg–C   were insignificant (Fig.  4a). The fructose yield 
and selectivity at 10 wt% loading reached  31.42% and 
75.17%, respectively. The fructose yield at 20 wt% load-
ing  was similar to the 10 wt%, while the fructose selec-
tivity    decreased slightly. Therefore, the above results    
showed that an optimal Mg loading amount of 10 wt%  
yielded  very high fructose from glucose. Figure  4c, d 

shows the catalytic efficiency of 10Mg–C at different tem-
peratures and holding times. The effects of temperature 
on the catalytic efficiency   were more significant than 
the holding time (Fig. 4c). The glucose conversion gradu-
ally  increased from 38.73%  to 41.80%, with an increase 
in temperature from 80 to 100 °C. The fructose yield and 
selectivity of 31.42% and 75.17% were achieved at 100 °C. 
As the temperature   increased from 100 to 140  °C, the 
glucose conversion rate  increased rapidly from   41.80% 
to 66.68%, whereas the fructose yield and selectivity 
increased rapidly to 17.73% and 26.54%, respectively.

The optimization of the holding time for the 10Mg–C 
catalyst was also performed. The results showed that 
glucose conversion increased from 36.95%   to 41.80% 
when the holding time was extended from 10 to 30 min 
(Fig.  4d). The fructose yield and selectivity of 31.42% 
and 75.17%   were achieved at holding time of 30 min. 
The glucose conversion rate increased   to 43.78% as the 

Fig. 4 Effects of a control, C, and MgO and b different Mg loading amount on the catalytic efficiency of glucose isomerization (conditions: 10 
wt% glucose, 0.1 g catalyst, 100 °C, 30 min); effects of the different holding time (c), and temperatures (d) on the catalytic efficiency of glucose 
isomerization (conditions: 10 wt% glucose, 0.1 g 10Mg–C catalyst)
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holding time  was extended to 40 min, while the yield and 
selectivity of fructose  decreased to 28.34% and 64.73%, 
respectively.

Notably, the effects of holding time on the glucose 
isomerization under 10Mg–C catalysis were not signifi-
cantly different from that of temperature. Based on the 
above results, it can be concluded that the optimal Mg 
loading of the Mg–C catalyst is 10 wt%, and the opti-
mal conditions for the catalytic process are 100 °C and 
30 min, respectively. Moreover, the most critical factor 
affecting the catalytic efficiency is the catalyst type, fol-
lowed by the reaction temperature, and the reaction time. 

This result is similar with the researches of Drabo con-
sistent (Drabo et al. 2021).

The 10Mg–C catalyst was reused, and the recycled cata-
lysts were further characterized to investigate its stabil-
ity (Fig.  5). As shown in Fig.  5a, the glucose conversion 
and the fructose yield and selectivity deteriorated con-
tinuously with an increase in reuse times. The glucose 
conversion  reduced from 41.80% to 29.86%, whereas the 
fructose yield and selectivitydecreased from 31.42%   to 
16.62%, and from  75.17% to 55.66%, respectively, after 
the first reuse. Meanwhile, the XRD (Fig. 5b) results indi-
cated  that the peak area of the MgO crystalline structure 

Fig. 5 Effects of 10Mg–C catalytic cycle times on a glucose isomerization catalytic efficiency, b XRD spectra, c recovery rate, and d SEM images 
and e SEM–EDS spectra
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significantly reduced. The MgO crystals almost com-
pletely disappeared  after the third time use of the cata-
lyst. At this moment, the glucose conversion and fructose 
yield  decreased continually, whereas there was no signif-
icant changes in the fructose selectivity. The glucose con-
version, fructose yield, and selectivity decreased  rapidly 
to 4.38%, 0.36%, and 8.17% when the catalyst was used for 
the fourth time. After the catalyst was used four times, 
the SEM–EDS images of 10Mg–C demonstrated a loss of 
most of the crystal structure in 10Mg–C, and only 3.07% 
of  Mg2+ ions were remained. The mass loss of recycled 
10Mg–C is shown in Fig. 5(c). The mass loss of 10Mg–C 
gradually increased with an increase in the number of 
uses, peaking at 25.95% at the fifth use, consistent with 
SEM–EDS results.

Based on the above analysis, 10Mg–C catalysis   
achieved  75.17% fructose selectivity, yields 31.42% of 
fructose, and the conversion of 41.80% of glucose. How-
ever, the catalytic effect of 10Mg–C was inferior to that 
of glucose isomerase (Kuichuan Sheng et  al. 2019). To 
further optimize the catalytic efficiency of the 10Mg–C 
catalyst, bimetallic 10Mg–K–C catalyst was prepared to 
enhance the alkaline catalytic site.

3.3  Characterization of Mg–K–C catalyst
SEM images of 10Mg–KCl–C, 10Mg–KOH–C, 10Mg–
K2CO3–C, and 10Mg–KHCO3–C, and SEM–EDS of 
10Mg–KHCO3–C are shown Fig.  6. As shown in the 
Fig.  6a–d, some crystals with uniform size and regu-
lar geometry were obtained after impregnation and 
carbonization with KCl and  KHCO3. The formation 

of uniformly sized crystals in the 10Mg–KHCO3–
C catalyst is mainly due to the reaction of  KHCO3 
with  MgCl2 to produce crystalline active compounds 
such as MgO, KCl, and  K2CO3 that encapsulate the 
carbon microspheres. The elemental surface distri-
bution of  Mg2+ and  K+ in 10Mg–KHCO3–C   was uni-
form based on the results of SEM–EDS. Compared 
to 10Mg–C, the distribution of  Mg2+ ions and  O2− 
ions on the surface of 10Mg–KHCO3–C overlapped. 
Meanwhile, the K element in the 10Mg–KHCO3–C  
catalyst accounted  for 19.99% of total element.

The nitrogen adsorption and desorption curves and 
the pores size distribution of different 10Mg–K–C cata-
lysts are present in Fig. 7a, b. The BET surface area and 
pore size of 10Mg–K–C are shown in Table 3. The 10Mg–
KCl–C catalyst was  a type I isotherm, implying that 
10Mg–KCl–C catalyst was   mainly microporous. The 
10Mg–KOH–C, 10Mg–K2CO3–C, and 10Mg–KHCO3–C 
were   type III isotherm, indicating the absence of sig-
nificant pores. The pore size distribution diagram and 
BET surface area of catalysts also  demonstrated the 
absence of significant pores in 10Mg–KOH–C, 10Mg–
K2CO3–C, and 10Mg–KHCO3–C. Combined with the 
results of SEM (Fig.  6) and XRD (Fig.  7c), some crys-
tal substances of MgO and some amorphous structures 
of  MgCO3 on the biochar surface   were found, which 
covered some pores thus  resulting in low surface area 
(Table  3). Song et  al. pointed out the similar conclu-
sion that as the addition ratio of  KMnO4 to biochar 
increased from    2.5% to 10%, the biochar surface area 
decreased from 23.8 to 3.18  m2  g−1 (Song et al. 2014). 

Fig. 6 SEM images of Mg–C catalysts with different Mg loadings: a 10Mg–KCl–C, b 10Mg–KOH–C, c 10Mg–K2CO3–C, d 10Mg–KHCO3–C, and e EDS 
analysis of 10Mg–KHCO3–C
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On the other hand, the results in Table 3 show that the 
pore size (ranging from 12.50 to 35.06 nm) of 10Mg–
K–C are larger than that of 10Mg–C (1.65 nm) due to 
the oxidizing substances further etching the surface of 
the biochar and enlarge the pore size after the load-
ing of K, leading to the decrease of micropore volume 
and the specific surface area. Similar results were also 
obtained in the activation processing of carbon nano-
tubes by KOH etching (Ji et  al. 2010). The XRD pat-
terns of 10Mg–K–C catalysts  showed the 10Mg–K–C 
had   relatively intensive diffraction peaks at 2-Theta 
of 36.9°, 42.9°, 62.3°, 74.7°, and 78.7°, attributed to the 
(111), (200), (220), (311), and (222) lattice planes of 

MgO crystals (Chen et  al. 2020). Moreover, in con-
trast to 10Mg–C, 10Mg–K–C mainly   contained KCl 
and a few  K2CO3,  K4H2(CO3)3 crystals. The bimetallic 
co-impregnation process    promoted the reordering 
and migration of KCl,  K2CO3,  K4H2(CO3)3 crystalline 
structures (Mutreja et al. 2011). The XPS results of the 
10Mg–K–C catalyst are shown in Fig.  7d–g, indicat-
ing  that 10Mg–KCl–C only  had a Mg–O structure (at 
1303.8 eV).  MgCO3 (at 1305.0 eV) was also present in 
10Mg–KOH–C, 10Mg–K2CO3–C, and 10Mg–KHCO3–C 
with the diffraction peak areas of 27.39%, 22.09%, and 
39.62%, respectively. Compared to KOH and  K2CO3, 
the rapid ionization by  KHCO3 generated maximum 

Fig. 7 Pore properties and XRD and XPS results of 10Mg–K–C a  N2 adsorption and desorption isotherms, b pore size distributions (inset) and c XRD 
spectra; XPS spectra of d 10Mg–KCl–C, e 10Mg–KOH–C, f 10Mg–K2CO3–C, and g 10Mg–KHCO3–C

Table 3 The BET surface area and pore size of 10Mg–K–C catalyst

Sample SBET  (m2  g−1) Smicro  (m2  g−1) Smicro/SBET (%) Vmicro  (cm3  g−1) Pore size (nm)

10Mg–C 416.16 360.71 86.68 0.1798 1.65

10Mg–KCl–C 184.61 162.61 80.10 0.0726 1.61

10Mg–KOH–C 6.60 3.43 51.97 0.0018 35.06

10Mg–K2CO3–C 9.56 7.68 80.33 0.0038 12.50

10Mg–KHCO3–C 18.71 14.76 78.89 0.0078 13.39
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 MgCO3 (39.62%) content in 10Mg–KHCO3–C. The 
above results show that KOH,  K2CO3, and  KHCO3 
provided amorphous  (MgCO3) and crystalline (MgO, 
KCl,  K2CO3,  K4H2(CO3)3) on the 10Mg–K–C surface 

after co-impregnation with  MgCl2. Therefore, we can 
conclude that bimetallic co-impregnation carboni-
zation  reduced the specific surface area of the cata-
lyst while enhancing the alkaline active sites on the 

Fig. 8 Effects of different 10Mg–K–C catalysts on the a catalytic efficiency (conditions: 10 wt% glucose, 0.1 g catalyst, 100 °C, 30 min), b the pH 
value before and after catalysis, and the effects of 10Mg–KHCO3–C catalytic cycle times on c the glucose isomerization catalytic efficiency, d the XRD 
spectra, and e the SEM–EDS images
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catalyst’s surface by enhancing the accessibility of the 
active substance and glucose.

3.4  The catalytic performance and stability of 10Mg–K–C
The catalytic performance of the 10Mg–K–C cata-
lysts under the catalytic conditions of 100 °C and 30 
min is shown in Fig.  8a. Compared with 10Mg–C, the 
10Mg–KOH–C, 10Mg–K2CO3–C, and 10Mg–KHCO3–
C catalysts increased  the glucose conversion rate by 
41.80–49.24%, 54.47%, and 53.99%, respectively, while 
the 10Mg–KCl–C catalyst reduced the glucose conversion 
rate from 41.80% to 19.64%. The obtained fructose yields 
catalyzed by 10Mg–K–C also   presented similar results 
with glucose conversion rate. This is because lots of basic 
active sites (e.g.,  K2CO3,  K4H2(CO3)3, and MgO)  were   
formed in 10Mg–KOH–C, 10Mg–K2CO3–C, and 10Mg–
KHCO3–C catalysts during preparation, thus increasing 
catalytic efficiency and improving glucose conversion 
and fructose yield. The reduction in glucose conversion 
and fructose yield caused by 10Mg–KCl–C was due to the 
presence of KCl crystal in the catalyst (Fig. 8a) compared 
with the 10Mg–C (only MgO crystal), which  decreased 
the alkalinity of reaction system and hindered the dissolu-
tion of  OH− ions, thus deteriorating glucose protonation 
(Fig. 8b). Additionally, these catalysts of 10Mg–K–C had 
an almost similar fructose selectivity as 10Mg–C, indicat-
ing that the common active substance MgO in all cata-
lysts was beneficial to obtaining high fructose selectivity. 
These results suggest that adding crystalline and amor-
phous active substances by co-impregnating  MgCl2 with 
KOH,  K2CO3, and  KHCO3 can preserve fructose selectiv-
ity as 10Mg–C while increasing the glucose conversion to 
fructose and obtaining high yield of fructose. Based on 
above analysis, it is concluded that the 10Mg–KHCO3–C 
had better catalytic efficiency than other catalysts.

Glucose isomerization of catalysts is mainly driven 
by the ionization of the active substances caused by the 

 OH− ions to break glucose bonds (De Wit et  al. 1979). 
The pH variation in the catalytic systems should be 
attributed to the quantity and species of active catalytic 
substances existing in catalysts and the leach of active 
substances. Simultaneously, under the same system, glu-
cose is hydrolyzed to other by-products (furfural, 5-HMF, 
and organic acids), gradually decreasing the pH value of 
catalytic system. The presence of acidic oxidant active 
substances in catalytic system will attack the formed fruc-
tose to produce a cyclic fructose anion, thus decreasing 
the catalytic efficiency (Delidovich et al. 2014). Compared 
with the pH change of catalytic systems before and after 
catalysis (Fig. 8b), it  was found that almost all catalytic 
systems   were basic before catalysis, but after catalysis 
the environment  became weakly acid in the catalytic sys-
tems of 10Mg–C and 10Mg–KCl–C. In combination with 
the catalyst results of Fig.  8a, it is concluded that basic 
environment caused by the catalyst both before and after 
catalysis such as in the 10Mg–KOH–C, 10Mg–K2CO3–C, 
and 10Mg–KHCO3–C catalytic systems was beneficial to 
achieving high glucose conversion, fructose selectivity, 
and fructose yield. Different with the 10Mg–KCl–C, a rel-
atively high fructose yield  was still obtained by 10Mg–C 
catalysis, which should be due to the high pH value in 
catalytic system caused by catalyst before catalysis. Thus, 
a low pH caused by catalyst before catalysis would be 
detrimental to the basic catalytic isomerization (Brown 
Jr et al. 1999), and the weak basicity of the solution after 
catalysis can accelerate the occurrence of isomerization 
reactions.

The 10Mg–KHCO3–C catalyst was reused, and its cata-
lytic performance was investigated in order to evaluate 
its stability. The glucose conversion rate and selectivity 
of fructosedecreased with an increase in the reuse times 
(Fig. 8c). When the catalyst was used twice, the glucose 
conversion rate decreased from 49.24% to 29.78%, and the 
yield and selectivity of fructose decreased from  36.76% 

Table 4 Catalytic efficiency comparison of different biochar-based metal catalysts on glucose isomerization

*The catalyst prepared from this work

 Catalyst References Catalysis conditions (solvent) Fructose yield (%) Glucose 
conversion 
(%)

N0.5/HC240-RO400 Yang et al. (2022) 120 °C–45 min  (H2O) 31.10 32–38.00

CS-CaO-800 Shen et al. (2019) 80 °C–40 min  (H2O) 29.20 40.90

20%Al–500N2 Yu et al. (2019) 160 °C–20 min (acetone/H2O) 21.50 20–40.00

HC200–Al10%–KHCO3 Zhang et al. (2020a) 160 °C–20 min  (H2O) 32.60 34.10

Al/HC-300 Liu et al. (2021b) 160 °C–20 min (acetone/H2O) 24.40 31–35.00

EG-MgO-BC-600-N2 Chen et al. (2020) 100 °C–20 min  (H2O) 30.00 –

4Mg–1Al–C* 100 °C–30 min  (H2O) 22.40 31.50

Mg–Al–KHCO3–C* 38.37 44.12
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to 14.27% and from  74.54% to 49.38%, respectively. The 
Mg leaching rate of the 10Mg–K–C catalyst during the 
reuse process  was tested in order to evaluate the stabil-
ity of the catalyst (Additional file 1: Fig. S2). The results 
demonstrated that after the first used, the Mg leaching 
rate only reached 12.48%, 36.12%, 15.84%, and 16.81% 
in 10Mg–KCl–C, 10Mg–KOH–C, 10Mg–KHCO3–C, and 
10Mg–K2CO3–C catalyst, respectively. As the reuse time 
increased, the leaching rate further  increased. As shown 
in Fig.  8d, e, the XRD analysis of the 10Mg–KHCO3–C 
catalyst after three uses revealed the disappearance of the 
MgO,  K2CO3, and  K4H2(CO3)3 diffraction peaks, and the 
SEM–EDS analysis results also indicated that only part of 
 Mg2+ ions (1.91%) and  K+ ions (0.05%) were remained on 
the surface of catalyst microspheres. Thus, the dissolu-
tion of active substances may contribute to the negative 
stability.

3.5  Catalytic mechanism of 10Mg–K–C
The catalytic performance of different biochar-based 
metal catalysts is summarized in Table  4. The 29.2–
32.6% fructose yield, 71.3–93.3% fructose selectivity, and 
34.1–40.9% glucose conversion were  obtained using the 
reported biochar-based metal catalysts. In this study, the 
10Mg–C and 10Mg–KHCO3–C catalyst   maintained the 
same level of used times as the existing studies (Table 4). 

36.7% fructose yield, 75% fructose selectivity, and 54% 
glucose conversion were achieved using the 10Mg–
KHCO3–C catalyst, higher than most reported cata-
lysts, particularly fructose yield and glucose conversion 
rate. The catalytic mechanism was discussed through the 
above analysis results.

(1)MgO(s)solution +H2O(l) → Mg(OH)2(s)solution

(2)
Mg(OH)2(s)solution → Mg2+solution + 2OH−

solution

(3)
MgO(s)surface +H2O(l) → MgOH+

surface +OH−

solution

(4)
MgOH+

surface +OH−

solution → MgOH+
·OH−

surface

(5)2KHCO3
�
→ K2CO3 +H2O ↑ +CO2 ↑

(6)K2CO3 +−CH2
�
→K2O+ 2CO ↑ +H2 ↑

(7)K2CO3 + 2− CH
�
→ K2O+ 3CO ↑ +H2 ↑

(8)K2O+H2O
�
→ 2KOH

Scheme 1 Diagram of the catalytic mechanism of 10Mg–KHCO3–C catalyst on glucose isomerization fructose
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Based on above studies, the loaded active substances 
and their synergism    were the key factors to influence 
the catalytic efficiency, which also are consistent to many 
studies (Carraher et al. 2015; Yoo et al. 2017; Zhang et al. 
2020b). As obtained from the structural characterization 
of 10Mg–C, the addition of  MgCl2 resulted in the most 
of the  Mg2+ in the form of MgO on the biochar carriers 
surface. The catalytic results of Mg–C also   confirmed 
the role of MgO (Yin et al. 2021). Liu and Yin et al. have 
reported the same conclusions, and reaction equations 
are shown in (1)–(4) (Liu et  al. 2021a; Yin et  al. 2021). 
But the suitable loading amount of MgO will provide bet-
ter catalytic efficiency and avoid the excess MgO attack 
fructose. The researches from Suttibut, Drabo, and Yin 
et  al. have demonstrated the main catalytic pathway of 
MgO for glucose isomerization in water is due to the 
dissolution of MgO    transforming the hydrolyzed  H2O 
to    OH− ions, which  attack  the glucose moiety through 
the deprotonate reaction (Drabo et  al. 2021; Suttibut 
et al. 2015; Yin et al. 2021) as shown in Scheme 1. Anal-
ysis of the catalytic results of 20Mg–C   showed that too 
high  Mg2+ loading amount (20 wt%)   induced the yield 
of the fructose  because the MgO can attack the fructose 
which already formed.  The work from Xinhua Qi et al. 
has   reported the same results that active sites can fur-
ther attack the formed fructose (Fu et  al. 2021a). Addi-
tionally, the high  Mg2+ loading amount (20 wt%) would 
lead to the low specific surface area of the biochar carrier, 
thus reducing the transfer between the catalyst and the 
glucose. The amount of MgO loading will affect the cat-
alytic efficiency and the properties of the substrate. But 
the XRD results also  showed that the difference loading 
amount will not affect the crystalline structure of  Mg2+. 
Thus, we conclude that 10 wt% loading  of 10Mg–C cata-
lyst can provide the higher fructose yield (31.42%), fruc-
tose selectivity (75.17%), and glucose conversion (41.80%) 
at 100 °C for 30 min than 20Mg–C. De Wit et al. postu-
lated the reaction process of glucose under the Brønsted 
basic condition (De Wit et al. 1979). Initially, the glucose 
monosaccharide is deprotonated to form a cyclic anion 
under Brønsted basic condition caused by active sub-
stances (reaction 1). This is followed by the transfer of 
a negative charge to O5 under the equilibrium between 
the cyclic carbonyl anion and the cyclic anion, result-
ing in a ring opening reaction to form pseudo-cyclic 
glucose anion (reaction 2). Immediately afterwards, the 
intramolecular proton in pseudo-cyclic glucose anion 
is transferred from C2 to O5, leading to proton abstrac-
tion from the pseudo-cyclic glucose anion to generate 
an enediol anion intermediate (reaction 3). The enediol 
anion acts as an important intermediate in the glucose 
isomerization process, which generates a pseudo-cyclic 

fructose anion (reaction 4). Subsequently, the double 
bond of the pseudo-cyclic fructose anion is broken, and 
a closed loop reaction occurs (reaction 5). Meanwhile, 
the  O− proton on the branched chain of cyclic fructose 
anion is further deprotonated to produce fructose due to 
the presence of the  OH− ions (reaction 6). Furthermore, 
the isomerization reaction of glucose is reversible, and 
the enolization rate of fructose is normally faster than 
that of glucose under the same reaction system. The pres-
ence of active substances in catalytic system will further 
attack the formed fructose to produce a cyclic fructose 
anion (reaction 6), and the formed enediol anion inter-
mediate will be transformed to acidic by-products with a 
high selectivity due to its high activity. Therefore, reduc-
ing the production of acidic by-products and avoiding 
the occurrence of re-isomerization reaction are impor-
tant ways to improve the yield of fructose. And tailoring 
the amount and type of active substances in catalyst can 
greatly improve glucose isomerization efficiency (Brown 
Jr et  al. 1999). In order to further improve the isomeri-
zation efficiency of catalyst,  10Mg–KHCO3–C,  10Mg–
K2CO3–C,  10Mg–KCl–C, and  10Mg–KOH–C were 
prepared on the basis of 10Mg–C. Based on the catalytic 
effects of the 10Mg–KCl–C catalyst containing KCl and 
MgO crystals and the 10Mg–C catalyst containing MgO 
crystal, it is concluded that the synergism of KCl and 
MgO crystals lead to a decrease in catalytic efficiency of 
glucose isomerization. This is because  KCl cannot pro-
vide more basic active sites for the 10Mg–KCl–C catalyst. 
Meanwhile, the additional KCl crystal blocks the pore 
size (1.61 nm, Table 3) of the biochar, thus hindering the 
transfer of MgO. The bimetallic co-impregnation process 
of  MgCl2 and K-containing compounds  (KHCO3,  K2CO3, 
KOH) with biochar promotes the reordering and migra-
tion of  K+ substances (Mutreja et al. 2011), and produces 
same active substances such as MgO and  K2CO3 crys-
talline (Fig.  7c). In the isomerization catalytic process,  
 K2CO3 and MgO can produce abundant  OH− ions from 
 H2O to deprotonate the glucose monosaccharide to form 
a cyclic anion, and then the  O− proton of cyclic anion is 
further deprotonated to produce fructose (Mutreja et al. 
2011). And the reaction equations are shown in (5)–(8) 
(Liu et al. 2021a). Combined with the results of catalytic 
isomerization (Fig.  8a), the catalytic of 10Mg–KHCO3–
C on glucose is mainly together determined by these 
active substances (MgO and  K2CO3 crystalline). These 
same active substances in catalysts of 10Mg–KHCO3–C, 
10Mg–K2CO3–C, and 10Mg–KOH–C dominate the cata-
lytic mechanism. Therefore, the catalytic mechanism of 
10Mg–KHCO3–C is also applicable to 10Mg–K2CO3–C 
and 10Mg–KOH–C catalyst, as shown  in Scheme 1.
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4  Conclusions
A highly efficient glucose isomerization catalyst, 10Mg–
KHCO3–C, was successfully synthesized and resulted in 
a 36.7% fructose yield, 74.54% fructose selectivity, and 
53.99% glucose conversion at 100 °C for 30 min. Analysis 
of the catalytic performanceshowed that the single active 
substance MgO can obtain good catalytic effect on glu-
cose isomerization, but the catalytic effect was decreased 
when the  Mg+ was overloaded. The synergy effects of 
MgO and  K2CO3 active sites induce  H2O ionization to 
form considerable  OH− ions, thus easily realizing depro-
tonation of glucose. This work improved the efficiency of 
glucose isomerization to fructose and  provided an effi-
cient method for cellulose valorization.
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