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Desulfurization Performance of MgO/ Rice Straw 
Biochar Adsorbent Prepared by Co-precipitation/ 
Calcination Route 

Jiali Chen, Lianhan Huang, Liming Sun, and Xiaofan Zhu * 

A solid adsorbent for SO2 adsorption was prepared from magnesium 
salt/rice straw via co-precipitation/calcination. The effects of various 
preparation conditions, including the calcination temperature, the weight 
ratio of Mg/rice straw, magnesium salts, and amine precipitants, were 
investigated relative to their effects on the desulfurization performance of 
adsorbents. Maximum sulfur adsorption capacity (260 mg/g) was obtained 
with MgO/rice straw biochar adsorbent using tetraethylenepentamine 
(TEPA) as the precipitants, and the preparation conditions included a 
calcination temperature of 400 °C, a Mg/rice straw weight ratio of 1.2, and 
magnesium chloride hexahydrate (MgCl2·6H2O) as the magnesium source. 
The rice straw biochar-supported MgO sample displayed a high SO2 
adsorption capacity due to its excellent textural properties, large specific 
surface areas, small crystallite size, numerous surface active sites of MgO 
nanoparticles, and introduced N-H groups. The physical and chemical 
properties of samples were investigated by field emission scanning electron 
microscopy (FESEM), Brunauer-Emmett-Teller (BET) analyses, Fourier 
transform infrared spectrometer (FT-IR), elemental analysis (EA), and X-
ray diffraction (XRD). 
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INTRODUCTION 

Sulfur dioxide (SO2) is the main component of acid rain, and its corrosive properties 

have detrimental effects on both the environment and human health, making it urgent to 

reduce SO2 emissions. Among the various flue gas desulfurization technologies to remove 

SO2, the adsorption methods have shown promising characteristics because of its 

advantages of simple operation procedures, low energy consumption for regeneration, little 

or no water consumption, lack of secondary pollution, no volatility or corrosion issues, and 

a wide variety of adsorbents (Mochida et al. 2000; Tailor et al. 2014a). Popular solid 

adsorbents include activated carbon (Yan et al. 2012, 2013; Guo et al. 2013; Yi et al. 2014), 

carbon fibers (Zhou et al. 2012; Bai et al. 2016), zeolites (Al-Harahsheh et al. 2014; 

Vellingiri et al. 2016), polymer-supported metal oxides (Wang et al. 2009), and metal-

supported materials (Guo et al. 2012; Li et al. 2012), and metal–organic frameworks 

(MOFs) (Savage et al. 2016; Tan et al. 2017; Elder et al. 2018; Wang et al. 2018). 

Magnesium oxide (MgO) nano-materials have attracted significant attention due to their 

large surface areas, plentiful surface active sites, and excellent adsorption properties (Dhal 

et al. 2015; Li et al. 2017). MgO combined with activated carbon has been used also to 

adsorb dyes (Liu et al. 2015; Nassar et al. 2017), CO2 (Vu et al. 2016), fluoride (Jin et al. 

2016), phosphates (Zhou et al. 2011), and toxic heavy metal ions (Chowdhury et al. 2016). 

Furthermore, the alkalinity of MgO, an alkaline earth metal oxide, has strong adsorption 
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ability for acidic SO2 gas. 

Currently, large amounts of rice straw residues are discarded or burned in the open 

air without effective utilization, which causes serious environmental pollution. As a result, 

effective and environmentally-friendly methods for taking advantage of rice straw should 

be developed. Modifying rice straw via catalytic oxidation, followed by alkaline nitrogen 

reagents treatment results in effective SO2 adsorption (Yang et al. 2012; Sun and Zhu 

2018). However, the modification methods have some drawbacks; they are not suitable for 

high temperature, require a complicated process, and have a poor regeneration effect. 

Hence, biochar derived from waste biomass is widely used as an adsorbent due to its 

stability and high sorption ability. Biochar has similar pore structure and surface chemical 

property as activated carbon, and its simple preparation process and low investment used 

as a potential adsorption substitute for activated carbon (Ahmad et al. 2014). Biochar 

derived from waste biomass has a highly porous structure and contain various functional 

groups that are effective in the adsorption of metals (Wu et al. 2012) and CO2 capture 

(Huang et al. 2015). Meanwhile, biochar is a carbon-rich adsorbent with inorganic 

constituents, which has enormous potential sorption ability for SO2 (Xu et al. 2016). 

This paper exhibits a new synthetic route to obtain rice straw biochar-loaded 

magnesium oxide (RSB-MgO) materials by co-precipitating and calcining magnesium salt 

/rice straw using amine reagents as precipitants. The effects of preparation conditions were 

investigated, including calcination temperature, the weight ratios of Mg/rice straw, 

magnesium salts, and amine-containing precipitants. The adsorption temperature and 

simulated flue gas flow rate were also studied. The prepared RSB-MgO adsorbents were 

characterized using field emission scanning electron microscopy (FESEM), Brunauer-

Emmett-Teller (BET) analyses, Fourier transform infrared spectrometer (FT-IR), element 

analysis (EA), and X-ray diffraction (XRD). 

EXPERIMENTAL 

Materials and Reagents 
Rice straw specimens were collected from farmland in Chengdu, Sichuan Province, 

China. Magnesium chloride hexahydrate (MgCl2·6H2O), magnesium nitrate hexahydrate 

(Mg(NO3)2·6H2O), magnesium acetate tetrahydrate (Mg(CH3COO)2·4H2O), ethylene-

diamine (EDA), tetraethylenepentamine (TEPA), diethanolamine (DEA), 30% hydrogen 

peroxide (H2O2), sodium hydroxide (NaOH), bromocresol green, and methyl red indicators 

were used as raw materials. All reagents were analytical grade and used without further 

purification. They were supplied from Ke Long Chemical Reagent Company (Chengdu, 

China), except for magnesium acetate tetrahydrate (Mg (CH3COO) 2·4H2O), which was 

obtained from Aladdin Industrial Corporation. The carrier gas (compressed air, Sichuan 

Peace Gas Co., Ltd., China), simulated flue gas (SO2/N2~0.3%, Chengdu Jin Ke Xing Gas 

Co., Ltd., China), vacuum tube high-temperature sintering furnace (OTF-1200X, Ke Jing 

Material Technology Co., Ltd., China). 

Preparation of RSB-MgO Adsorbent 
Rice straw was crushed into powder and passed through a 20-mesh sieve. 

MgCl2·6H2O (200 mL, 0.01 M) (MgCl2·6H2O = 20.33 g) and 2.0 g rice straw powder were 

mixed in a beaker (250 mL) in a 60 °C water bath. EDA was added dropwise to the solution 

with continuous stirring until the pH reached 11. The reaction was stirred for 1 h and then 



PEER-REVIEWED ARTICLE bioresources.com

Chen et al. (2020). “MgO/straw biochar adsorbent,” BioResources 15(3), 4738-4752. 4740 

allowed to stand for 3 h at room temperature. The precipitate was dried at 105 °C for 2 h, 

then calcined in a high-temperature vacuum sintering furnace to obtain RSB-MgO 

adsorbent. The calcination conditions were as follows: compressed air gas (180 mL/min) 

was used as the carrier gas, a heating rate of 15 °C /min, and a calcination time of 1 h at 

400 °C. The schematic diagram for the preparation of RSB-MgO is shown in Fig. 1. 

Fig. 1. Schematic of the preparation of RSB-MgO adsorbent through precipitation with amine 
agents and high temperature calcination 

Characterization 
The morphology of RSB-MgO adsorbent was characterized by FESEM (JSM-

7500F, JEOL, Tokyo, Japan). The phase retrieval and grain sizes were obtained by XRD 

(EMPYREAN, PANalytical B.V, Almelo, Netherlands). Specific surface areas, pore 

volumes, and average pore diameters were measured using a Brunauer–Emmett–Teller 

(BET) surface area analyzer (Fully automatic specific surface and micro-pore size 

analyzer, 3Flex, Micromeritics, Norcross, GA, USA). FT-IR analyses were conducted 

using an FT-IR spectrometer (Nicolet 6700, Thermo Electron Corporation, Waltham, MA, 

USA). The elemental compositions of samples were investigated by element analyzer 

(EURO EA3000, Elementar Analysen-systeme GmbH, Langenselbold, Germany). 

Adsorption Experiments 
First, 1.0 g of RSB-MgO was loaded onto a glass adsorption column (Φ30 mm × 

300 mm) in a 25 °C water bath. The simulated flue gas with an inlet SO2 concentration 

(initial SO2 concentration, 0.3% volume concentration) was passed through the adsorption 

column at a flow rate of 400 mL·min-1. The adsorption experiment was considered 

complete when the SO2 concentration in the exhaust gas exceeded 80% of the inlet SO2 

concentration (i.e., when the desulfurization efficiency decreased to 20%). The SO2 in the 

exhaust gas was absorbed by H2O2 (3%) solution and titrated by NaOH (0.01 M) to 

neutrality. Sulfur adsorption capacity is used to indicate the SO2 adsorption capacity of a 

sample, and the desulfurization efficiency (Eq. 1) and sulfur adsorption capacity (Eq. 2) 

were calculated according to the following formulas, 
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(1) 

(2) 

where η is the desulfurization efficiency (%); C in is the inlet SO2 concentration of the 

simulated flue gas (ppm); C out is the outlet concentration of SO2 in the exhaust gas (ppm); 

Cs is the sulfur adsorption capacity (mg·g-1); m is the weight of adsorbent (g); Q is the gas 

flow rate (L·min-1); and t20% is the contact time when the desulfurization efficiency 

decreased to 20% (min). The flow chart of SO2 adsorption is shown in Fig. 2. 

Fig. 2. (a) SO2 adsorption apparatus. Gas supply system: 1. SO2/N2 0.3%, 2. Pressure reducing 
valve, 3. Rotameter, 4. Three-way valve Adsorption system, 5. Fixed reactor and water bath, 6. 
H2O2 absorption bottle (Detection system), 7. NaOH absorption bottle (Exhaust gas absorption 
system); (b) schematic diagram of the adsorption column 

RESULTS AND DISCUSSION 

Saturated Sulfur Capacity 
The adsorption experiment results of native rice straw, rice straw biochar (RSB), 

and RSB-MgO adsorbent (ethylenediamine (EDA) as a precipitant) are shown in Fig. 3, 

and an analysis of the physical properties and elemental compositions of RSB and RSB-

MgO are presented in Table 1. The sulfur capacity S.D values of native rice straw, RSB, 

and RSB-MgO under three parallel experiments were 3.0%, 3.9%, and 4.9% (Fig. 3), all 

of which are less than 5%, indicating that the data were within experimental errors. Sulfur 

capacity increased from 5.1 to 11.1 mg/g after the rice straw was carbonized into RSB. 

After loaded MgO on RSB, the saturated sulfur capacity, BET surface area, and N content 

of adsorbent increased dramatically from 11.1 to 194.6 mg/g, 10.6 to 138.1 m²/g, and 0.3 

to 1.8 %, respectively. This indicated that the RSB-MgO had better desulfurization effect 

compared with rice straw or rice straw biochar, which was attributed to increase in large 

specific surface area and N content of adsorbent. The contact time in adsorption process of 

native rice straw, RSB, and RSB-MgO were 16, 30, and 120 min, respectively, which 

demonstrated that large specific surface area increased the contact time between SO2 in 
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adsorbent. In addition, the high saturated sulfur capacity of RSB-MgO was attributed to 

the basicity and large number of surface active sites (oxygen defects and magnesium 

defects active) of MgO. The SO2 adsorption performance of MgO depends on these active 

sites (R. Li et al. 2017). The SO2 adsorption on MgO is both physical and chemical 

adsorption. The physical adsorption of SO2 is dependent on morphology and structure, 

causing gas molecules to be adsorbed on solid surfaces. In addition, chemical adsorption 

is related to surface chemical activity, and SO2 may react with MgO to generate MgSO3 at 

a highly active site. Furthermore, the increased N content in RSB-MgO implied that EDA 

could have introduced N to RSB-MgO, which promoted SO2 adsorption (Tailor et al. 

2014b). The results suggested that RSB, MgO, and N content synergistically affect the SO2 

adsorption on RSB-MgO. The composite materials of inorganic material and carbon have 

good desulfurization effect, and the maximum sulfur capacity of MnO2 and Fe2O3 modified 

activated carbon were 157.8 and 140.6 mg/g (Fan et al. 2013). This proves that MgO 

enhances SO2 adsorption stronger than MnO2 and Fe2O3. 

Fig. 3. Saturated sulfur capacities of native rice straw, rice straw biochar and RSB-MgO 

Table 1. Analysis of the Physical Properties and Elemental Composition 

Sample BET Surface 
Area (m²/g) 

Pore Volume 
(cm³/g) 

Average 
pore size 

(nm) 

N 
content 

(%) 

C 
content 

(%) 

H 
content 

(%) 

RSB 10.6 0.03 12.8 0.3 48.9 2.9 

RSB-
MgO 

138.1 0.4 10.3 1.8 2.0 1.6 

Effect of Calcination Temperature 
Precipitate prepared from rice straw (RS) (2.0 g) and MgCl2·6H2O (20.33 g, 200 

mL) solution was calcined at 300, 400, 500, 600, and 700 °C to obtain RSB-MgO 

adsorbent. The effect of calcination temperature on the adsorption of SO2 using RSB-MgO 

was studied using a carrier gas flow rate of 180 mL/min and a heating rate of 15 °C /min. 

The sulfur adsorption capacities of samples calcined at these five temperatures were 99.0, 

194.6, 125.8, 70.6, and 24.2 mg/g, respectively (Fig. 4a), indicating that RSB-MgO 

adsorbents have good desulfurization performances at various temperatures. The highest 

sulfur adsorption capacity was observed at 400 °C, and the sulfur capacities were lower on 

either side of this maximum.  

The lower sulfur capacity at 300 °C was due to insufficient carbonization, which 
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resulted in a large amount of residual lignin and cellulose in the rice straw biochar and a 

portion of the Mg(OH)2 was not calcined to MgO. When the calcination temperature 

increased from 400 °C to 700 °C, the ash and carbon loss of rice straw biochar increased, 

which caused the sulfur capacity to gradually decrease due to excessive carbonization. In 

addition, increased ash content could have contributed to blocking the pores and active 

adsorption sites, thus reducing the sulphur capacity. It also increased the crystallite size of 

MgO due to the sintering of MgO grains. 

The XRD patterns of RSB-MgO adsorbents calcined at different temperatures are 

shown in Fig. 4b. All Bragg diffraction peaks in the XRD patterns were assigned to MgO, 

which is consistent with bulk MgO crystal (ICSD Patterns-89/59522). Five diffraction 

peaks corresponding to MgO were identified and indexed to the (111), (200), (220), (311), 

and (222) crystal planes, corresponding to 2θ values of 36.8°, 42.8°, 62.1°, 74.5°, and 

78.4°, respectively. Strong and sharp diffraction peaks indicated highly crystalline MgO 

particles in the sample. However, the diffraction peaks of Mg(OH)2 were observed in the 

XRD pattern of RSB-MgO calcined at 300 °C, illustrating that Mg(OH)2 was not 

completely converted to MgO at 300 °C. The crystallite size (D) of the synthesized MgO 

was calculated from the full width at half maximum (FWHM) of all peaks (111), (200), 

(220), (311), and (222) using the Debye–Scherrer formula (Makhluf et al. 2005), 

𝐷 =
𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃
(3) 

where k is the shape factor with a typical value of about 0.9, λ is the X-ray wavelength, β 

is the breadth of a diffraction peak at half of its maximum intensity, and θ is the Bragg 

angle. The average crystallite sizes of RSB-MgO samples were 16.7, 14.9, 13.8, 14.5, and 

16.8 nm (Table 2). The larger crystallite size of MgO calcined at 300 °C was attributed to 

the coexistence of MgO with incompletely decomposed Mg(OH)2. When the calcination 

temperature was between 400 °C to 600 °C, MgO crystallites showed a relatively uniform 

size distribution due to the complete decomposition of Mg(OH)2 into MgO. In contrast, a 

larger MgO crystallite size at a calcination temperature of 700 °C was caused by the 

sintering of MgO grains. Therefore, 400 °C was judged to be the most suitable calcination 

temperature. 

Fig. 4. (a) Sulfur adsorption capacity of RSB-MgO at different calcining temperatures, (b) XRD 
patterns of RSB-MgO adsorbents calcined at different temperatures, (i)  300 °C, (ii) 400 °C, (iii) 500 
°C, (iv) 600 °C, (v) 700 °C 

Temperature (°C) 2-Theta (deg) 

(b)
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Table 2. Crystallite Sizes of Different Crystal Planes of RSB-MgO Calcined at 
Different Temperatures 

Crystal Plane 
2θ 

(degree) 

Crystallite Sizes (nm) 

(300 °C) (400 °C) (500 °C) (600 °C) (700 °C) 

d average - 16.7 14.9 13.8 14.5 16.8 

Effect of Mg/Rice Straw Weight Ratio 
Different masses of rice straw (RS) (2.0 g, 4.0 g, 8.0 g, and 20.0 g) were added to 

a solution containing MgCl2·6H2O (20.33 g, 200 mL) to obtain RSB-MgO adsorbent with 

Mg/RS weight ratios of 1.2, 0.6, 0.3, and 0.1, respectively. The results in Fig. 5 show that 

increasing the weight ratio of Mg/RS from 0.1 to 1.2 increased the sulfur capacity from 

77.9 to 194.6 mg/g. This was attributed to the formation of more vacancies and activation 

centers on the surface of RSB-MgO due to an increase in the MgO proportion. Therefore, 

an Mg/RS weight ratio of 1.2 was used in subsequent experiments. 

Fig. 5. Sulfur capacities of RSB-MgO with Mg/RS weight ratios of 0.1, 0.3, 0.6, and 1.2 

Effect of Magnesium Salts 
Chowdhury et al. (2016) reported that the anions of different magnesium salts may 

affect the morphology of MgO crystals. In this work, the effect of different magnesium 

salts on the SO2 adsorption using RSB-MgO was investigated. Magnesium chloride 

hexahydrate (MgCl2·6H2O), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), and 

magnesium acetate tetrahydrate (Mg(CH3COO)2·4H2O) were used as magnesium sources 

to obtain RSB-MgO. Rice straw (RS) (2.0 g) were added to the solution containing 

MgCl2·6H2O (20.33 g, 200 mL), Mg(NO3)2·6H2O (25.64 g, 200 mL), and Mg(CH3COO)2· 

4H2O (21.45 g, 200mL), respectively to obtain RSB-MgO adsorbent. The sulfur capacities 

of the resulting adsorbents are shown in Fig. 6a. RSB-MgO specimens prepared by three 

different magnesium salts all displayed good desulfurization performances, with respective 

sulfur capacities of 194.6, 118.0, and 118.4 mg/g. Amongst them, the sulfur capacity of 

RSB-MgO prepared by MgCl2·6H2O was much higher than the other two, possibly due to 

the role of different magnesium salt anions on MgO crystal morphology and crystallinity.  

Figure 6b presents the XRD patterns of RSB-MgO samples obtained from different 

magnesium salts. The same diffraction peaks were observed in all patterns, indicating that 
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all products were highly pure. The high peak intensity and sharp peak shape of RSB-MgO 

obtained from MgCl2·6H2O demonstrates its high crystallinity, which was conducive to 

SO2 adsorption. The FESEM images of RSB-MgO adsorbents were prepared using 

MgCl2·6H2O, Mg(NO3)2·6H2O, and Mg(CH3COO)2·4H2O (Figs. 6c, d, e). Clear 

morphology differences can be observed among samples, and the FESEM images of RSB-

MgO formed from MgCl2·6H2O and Mg(NO3)2·6H2O showed circular lamella particles 

with sizes of 100 nm, while Mg(CH3COO)2·4H2O displayed a pleated sheet morphology. 

The growth of nanocrystals is controlled simultaneously by thermodynamics and kinetics 

(Hu et al. 2010). Different magnesium salt anions could affect the growth rate of crystal 

and free energy of the crystalline surfaces form different surface morphologies; thus, 

different surface morphologies of RSB-MgO have different surface properties, which 

affect the SO2 adsorption on MgO crystalline surfaces. Therefore, MgCl2·6H2O was the 

most suitable magnesium source. 

 

Fig. 6. (a) Sulfur capacities of RSB-MgO prepared from different magnesium salts, (b) XRD 
patterns of RSB-MgO samples prepared from different magnesium salts: (i) MgCl2·6H2O,  (ii) 
Mg(NO3)2·6H2O, (iii) Mg(CH3COO)2·4H2O, FESEM images of RSB-MgO prepared from: (c) 
MgCl2·6H2O, (d) Mg(NO3)2·6H2O, (e) Mg(CH3COO)2·4H2O 

Effect of Amine Reagents on Sulfur Capacity 
Four amine reagents (ethylenediamine (EDA), tetraethylenepentamine (TEPA), 

cyclohexylamine (CA), and diethanolamine (DEA)) were used as precipitants and added 

dropwise respectively to the solution (200 mL) containing rice straw (RS) (2.0 g) and 

MgCl2·6H2O (20.33 g) to obtain RSB-MgO-EDA, RSB-MgO-TEPA, RSB-MgO-CA, and 

RSB-MgO-DEA adsorbents. The resulting sulfur capacities were respectively 194.6 mg/g, 

263.6 mg/g, 253.5 mg/g, and 113.5 mg/g (Fig. 7a), showing that all RSB-MgO adsorbents 

prepared using different amine precipitants have excellent desulfurization effects, but they 

showed notably different sulfur capacities. 

0

50

100

150

200 (a)

Mg(CH3COO)2·4H2OMg(NO)3·6H2OMgCl2·6H2O

S
u

lf
u

r 
c

a
p

a
c

it
y

 (
m

g
/g

)

20 40 60 80

ⅲ

ⅱ

ⅰ

(ICSD Patterns-89/59522)

(2
2

2
)

(3
1

1
)

(2
2

0
)

(2
0

0
)

(1
1

1
)

In
te

n
si

ty
(a

.u
.)

2-Theta(deg)

(b)(b) 

2-Theta (deg) 

In
te

n
s
it

y
(a

.u
.)



PEER-REVIEWED ARTICLE bioresources.com

Chen et al. (2020). “MgO/straw biochar adsorbent,” BioResources 15(3), 4738-4752. 4746 

Fig. 7. (a) The sulfur capacities of RSB-MgO prepared using different amines, (b) XRD patterns of 
RSB-MgO prepared using different amine agents, (i) RSB-MgO-EDA, (ii) RSB-MgO-TEPA, (iii) 
RSB-MgO-CA, and (iv) RSB-MgO-DEA 

Table 3 presents the BET parameters (specific surface area, pore volume, and 

average pore diameter) of RSB-MgO-EDA, RSB-MgO-TEPA, RSB-MgO-CA, and RSB-

MgO-DEA. The specific surface areas and pore volumes of these samples considerably 

increased compared with RSB, which resulted in their higher sulfur capacities. Moreover, 

the XRD patterns of RSB-MgO-EDA, RSB-MgO-TEPA, RSB-MgO-CA, and RSB-MgO-

DEA are presented in Fig. 7 (b). Only diffraction peaks of MgO were detected, indicating 

that these products were highly pure. The average crystallite sizes were 15.0, 13.8, 14.8, 

and 12.3 nm, respectively (Table 3). It can be seen that the MgO crystallite size prepared 

by the amines is DEA (hydroxylamine) <TEPA (long-chain amine) <CA (cyclic amine) 

<EDA (short-chain amine).  

The BET results (Table 3) show that RSB-MgO-TEPA and RSB-MgO-EDA have 

nearly equal BET surface area values, but RSB-MgO-TEPA exhibited a higher sulfur 

capacity than RSB-MgO-EDA, which may be related to the smaller crystallite size of RSB-

MgO-TEPA. However, the reason why RSB-MgO-CA has a higher sulfur capacity than 

RSB-MgO-EDA is that RSB-MgO-CA has a smaller crystallite size than RSB-MgO-EDA 

even though the BET surface area of RSB-MgO-CA was slightly smaller than RSB-MgO-

EDA. Therefore, it can be concluded that the smaller crystallite size of adsorbent produced 

a better desulfurization effect when the BET surface area is not significant difference. It is 

worth noted that the RSB-MgO-DEA displayed the smaller specific surface area than other 

three products, which may resulted in a lower number of vacancies and activation sites on 

its surface, and the main reason why a lower sulfur capacity even though the RSB-MgO-

DEA have the smallest crystallite size. 

The elemental analysis results in Table 3 show that the nitrogen content of RSB-

MgO-EDA, RSB-MgO-TEPA, RSB-MgO-CA, and RSB-MgO-DEA were 1.82%, 1.75%, 

1.80%, and 1.85%, respectively, which were all about 6 times higher than that of biochar 

(0.28%). This indicates that amines were introduced into RSB-MgO, whose alkalinity 

assisted in the adsorption of acidic SO2. However, the nitrogen content was not 

significantly different between the samples, indicating that it was not the main influencing 

factor for the different SO2 adsorptions of RSB-MgO samples prepared using different 

amines. Moreover, The FT-IR spectra of RSB-MgO-EDA, RSB-MgO-TEPA, RSB-MgO-

CA, and RSB-MgO-DEA are presented in Fig 8. The two peaks at 1450 and 1650 cm-1 

were assigned to N-H deformation and bending vibrations, which demonstrated the 
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presence of N-H groups in adsorbents. The N-H group may form hydrogen bond with SO2 

in the absence of water. It can be concluded that introducing amine groups in RSB-MgO 

prepared by TEPA long chain amines with multiple amine groups has better SO2 adsorption 

effect. 

Table 3. Physical Properties, Elemental Content, Average Crystallite Sizes, and 

Crystallinity of RSB-MgO Prepared Using Different Amines 

Sample RSB RSB-MgO 

EDA TEPA CA DEA 

Physical 
properties 

BET Surface Area (m²/g) 10.6 138.1 139.2 120.9 69.7 

Pore Volume (cm³/g) 0.03 0.36 0.42 0.32 0.22 

Average pore diameter 
(nm) 

12.8 10.3 11.9 10.7 12.6 

Average crystallite 
sizes(nm) 

- 15.0 13.8 14.8 12.3 

Elemental 
content 

N% 0.28 1.82 1.75 1.80 1.85 

C% 48.90 1.98 2.33 2.07 3.08 

H% 2.91 2.61 1.52 1.04 1.69 

Fig. 8. FT-IR spectra of RSB-MgO samples prepared by different amine agents, (i) RSB-MgO-EDA, 
(ii) RSB-MgO-TEPA, (iii) RSB-MgO-CA, (iv) RSB-MgO-DEA

Effect of Adsorption Conditions on Sulfur Capacity 
Effect of flow rate of flue gas 

Under the above adsorption experimental conditions (calcination temperature of 

400 °C, Mg/rice straw weight ratio of 1.2, MgCl2·6H2O as magnesium source, 

tetraethylenepentamine (TEPA) as the precipitant, and adsorption temperatures of 25 °C), 

the sulfur capacity of the RSB-MgO-TEPA adsorbent was measured with flue gas flow 

rates of 250, 300, 350, 400, and 450 mL/min (Fig. 9). 

Figure 9 shows that RSB-MgO-TEPA had a higher sulfur capacity at a flue gas 

flow rate of 400 mL/min, while higher or lower flow rates showed similar sulfur capacities. 

This may be because the lower gas flow rate causes less SO2 molecules to diffuse on the 

solid adsorbent surface. As the adsorption time increases, the SO2 molecules physically 

adsorbed on the solid adsorbent surface will desorb, which results the lower sulfur capacity. 

When increasing the gas flow rate, the gas driving force increased, and the gas driving 
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force could be assisted in the diffusion and adsorption of SO2 molecules on the solid 

adsorbent surface. However, when the flue gas velocity was too high, SO2 molecules were 

ejected without being adsorbed because of short contact time, resulting in a lower 

desulfurization effect. Therefore, suitable gas flow rate should be selected, 400 mL/min 

was applied in this experiment. 

Fig. 9. Sulfur capacities of RSB-MgO-TEPA under different flue gas flow rates 

Effect of adsorption temperature 

Under the above adsorption experiment conditions (calcination temperature of 400 

°C, Mg/rice straw weight ratio of 1.2, MgCl2·6H2O as the magnesium source, 

tetraethylenepentamine (TEPA) as the precipitant, and flue gas flow rates of 400 mL/min), 

the sulfur capacity of RSB-MgO-TEPA was analyzed at adsorption temperatures of 15, 25, 

35, 45, and 55 °C (Fig. 10). 

Fig. 10. Sulfur capacities of RSB-MgO-TEPA at different adsorption temperatures 

Figure 10 shows that when the temperature was raised from 15 °C to 45 °C, the 

sulfur capacity of RSB-MgO-TEPA gradually increased. When the temperature was 

further raised to 55 °C, the sulfur capacity decreased, possibly due to the activity of gas 

molecules. SO2 gas molecules has a low molecular activity at lower temperatures, which 

caused a high kinetic resistance during diffusion to RSB-MgO-TEPA. As the temperature 

increased, the activity of SO2 and the amine groups in the adsorbent were enhanced, which 

was beneficial for the interactions of SO2 with the amine group and diffusion into the 

adsorbent. However, if the temperature was too high, desorption may occur, resulting in a 

lower sulfur capacity. 
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CONCLUSIONS 

1. RSB-MgO adsorbents prepared from the co-precipitation/calcination route displayed

excellent desulfurization effects, and sulfur capacities of RSB-MgO adsorbents were

much higher than that of native rice straw and rice straw biochar.

2. At a calcination temperature of 400 °C, a Mg/rice straw weight ratio of 1.2, and using

MgCl2·6H2O as the magnesium source and tetraethylenepentamine (TEPA) as the

precipitant, the sulfur capacity of the adsorbent reached 260 mg/g at a flue gas flow

rate of 400 mL/min and adsorption temperature of 25 °C.

3. The SO2 adsorption was affected by the synergistic action of MgO, rice straw biochar

and N-H groups, and MgO played a dominant role in SO2 adsorption.

4. The RSB-MgO-TEPA has a good desulfurization effect because of its circular lamella

morphology, large BET surface area, small crystallite size, high crystallinity, and N-H

groups introduced.

5. The RSB-MgO adsorbent may be a potential alternative material for SO2 removal in

the future, and the use of MgCl2∙6H2O and biomass residues to synthesize SO2

adsorbents provides remarkable economic and environmental advantages.
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