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a b s t r a c t

In order to enhance CO2 adsorption capacity of rice husk char, raw rice husk was pre-deashed by HF
(hydrofluoric acid) and used as precursor for preparing nitrogen-enriched biochar with high temperature
ammonia treatment in this work. The effects of rice husk pre-deashing on the physicochemical prop-
erties and CO2 adsorption performance of nitrogen-enriched biochar were investigated. The results show
that the micropore surface area of the nitrogen-enriched biochar derived from pre-deashed rice husk
(labeled as HF-N-Char) is 545.74 m2/g, more than that of the nitrogen-enriched biochar derived from raw
rice husk (labeled as N-Char, and its micropore surface area is 303.10 m2/g). The nitrogen content of HF-
N-Char is 2.53 wt%, much higher than that of N-Char (1.64 wt%). It indicates that the deashing treatment
not only improves the pore structure of nitrogen-enriched biochar, but also enhances the introduction of
nitrogen-containing functional groups. In addition, the CO2 adsorption capacity of HF-N-Char (77.9 mg/g
at 30 �C and 18.1 mg/g at 120 �C) is larger than that of N-Char (59.5 mg/g at 30 �C and 15.1 mg/g at
120 �C). The results may be helpful for the development of novel cost-effective CO2 adsorbents.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Global warming is commonly considered as the result of sharp
increase in GHG (greenhouse gas) concentration in the atmo-
sphere [1]. CO2 is estimated to contribute up to 60% of total
anthropogenic GHG emissions [2]; to this effect, reducing CO2
emissions is paramount to successfully mitigating global warming.
CCUS (CO2 Capture, Utilization and Storage) technology is an
important and widely researched method of reducing CO2 emis-
sions without influencing energy supply or energy structure [3].
CO2 capture (namely, separating CO2 from flue gasses) is a key but
also very expensive step in CCUS implementation [4]. Among
various CO2 separation technologies, such as adsorption [5e10],
absorption [11,12], cryogenic distillation [13], and membrane
separation [14,15], adsorption is one of the most appealing tech-
nology to realize large-scale CO2 capture due to its low energy
, Hubei, China. Tel.: þ86 27
requirement, cost-effectiveness, simple operation, and adapt-
ability over a relatively wide range of temperatures and pressures
[16].

Appropriate selection of adsorbents is vital to successful
adsorption technology. Activated carbon has long been utilized as
a commercial adsorbent, favored for its excellent porous struc-
tures and abundant surface functional groups [17]. However,
traditional activated carbon is made of coal [18], thus expensive
raw materials and laborious manufacturing process prevent its
use as a large-scale CO2 capture material [19]. Biochar, derived
from biomass, is similar to activated carbon in microstructure,
but more eco-friendly, cheaper, and with abundant precursor
resources [7,9,20]. Despite these advantages, the textural char-
acteristics and surface chemical properties of biochars, two fac-
tors responsible for overall adsorbent performance [21,22], are
poorer than commercial activated carbon [17]. Modifying bio-
chars to improve their textural characteristics and surface
chemical properties is urgently necessary to improve biochar
adsorption performance and promote the material's wider
utilization.
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In a previous study conducted by this research team [23], it was
discovered that high-temperature ammonia treatment (also
referred to as “ammonification”) not only effectively introduces
nitrogen functional groups onto the carbon surface, but also suc-
cessfully improves micropore structure. Previous studies [6e9,16]
on the ammonification of biochars focused primarily on the ef-
fects of modification conditions on biochars, such as temperature,
ammonia concentration, and modification time. The effects of ash
in precursors on ammonification treatment must also be studied
carefully, because ash in precursors plays an important role during
biochar preparation by influencing the transformation of physico-
chemical properties.

In one previous study, Das et al. [24] investigated the influence
of deashing pretreatment on the pyrolysis of sugarcane bagasse,
and results showed that HF (hydrofluoric acid) deashing and HCl
(hydrochloride acid) deashing both significantly increased the BET
(BrunauereEmmetteTeller) surface area of the derived biochars,
because acid wash promoted the decomposition and dissolution of
minerals in precursors, which was beneficial to the development
of porous structure. The BET surface area of HF-treated bagasse
pyrolysis char was 242.73 m2/g, and that of HCl-treated bagasse
pyrolysis char was 153.72 m2/g, while that of untreated bagasse
pyrolysis char is only 98 m2/g. Deashing by HF showed much
better performance than deashing by HCl. In another relevant
study, Basta et al. [25] investigated the effects of deashing on rice-
straw-derived biochars. Their results showed that deashing suc-
cessfully improved the adsorption capacities of biochars modified
by KOH, while deashing did not significantly improve the
adsorption properties of biochars modified by H3PO4. It can be
inferred that the impact of precursor deashing on the properties of
resultant biochars is closely related to the modification medium.
Nevertheless, how precursor deashing affects the physicochemical
properties of biochars under high-temperature ammonia treat-
ment remains unclear.

The primary object of this study is to investigate the impact of
deashing pretreatment on biochars modified by high-temperature
ammonia treatment. Rice husk with high ash content was chosen
as raw material, and was deashed by HF solution before pyrolysis.
The deashed rice husk and raw rice husk were pyrolyzed and
treated with ammonia under the same conditions to obtain biochar
samples. The physicochemical properties and CO2 adsorption per-
formance of the derived biochars were then analyzed and
compared. Some interesting results were obtained, which may be
helpful for preparing high-performance biochars in the future, as
well as promoting the utilization of biochars in CO2 separation
systems.
2. Materials and methods

2.1. Materials

The raw rice husk used to prepare biochars was collected from
Wuhan, China. Specifications of the raw RH (rice husk) are shown
in Table 1. The material was first dried at 50 �C for 12 h, then
crushed and sieved to obtain particles ranging from 0.1 to 1 mm in
size.
Table 1
The proximate and ultimate analysis result of rice husk.

Sample Ultimate analysis (ad, wt.%)

C H N S Oa

RH 42.04 5.28 0.38 0.17 30.64

a Calculated by difference. RH represents raw rice husk.
2.2. Deashing pretreatment

Acid washing was performed to remove mineral matter from
the rice husk by mixing 30 ml HF (40%), 60 ml deionized water, and
25 g raw material in a Teflon wide-mouth bottle. The mixture was
stirred at 60 �C for 24 h and filtered in a Teflon funnel using
specialized ash-less filter paper, then washed with distilled water
until pH reached 7. The deashed material was then dried in an oven
at 50 �C and kept in a tightly closed screw cap bottle. The deashed
sample was labeled “HF-RH”.
2.3. Ash characteristics

Proximate analysis was used to determine ash content. To
analyze the ash composition of RH and HF-RH, the samples were
burnt into ash at 600 �C (referring to Standard ASTME-1755-01.)
Ash composition was analyzed with an XRF (X-ray fluorescence)
instrument (EAGLE III, EDAX Inc., USA). Three scanning points were
analyzed to obtain an average value, in order to minimize error.
2.4. Preparation of biochars

3 g RH/HF-RH sample was placed in a fixed bed reactor and
heated at 10 �C/min up to the final pyrolysis temperature of 600 �C,
then kept for 30 min in an N2 atmosphere (N2 ¼ 400 ml/min). The
sample was then heated at 10 �C/min up to the final modification
temperature of 700 �C. Upon reaching the preset temperature, the
atmospherewas switched to amixture of N2 and NH3 (N2¼ 400ml/
min, NH3 ¼ 80 ml/min), and held for 30 min. Once the ammonifi-
cation process was complete, the vertical heaterwas shut down and
the biochar as-derived was cooled in an N2 atmosphere. The above
conditions (referred to as one-step ammonification) were identi-
fied in our previous study as optimal for pore structure improve-
ment while simultaneously ensuring that nitrogen functional
groups do not break down [23]. The obtained nitrogen-enriched
biochars from RH and HF-RH were labeled “N-Char” and “HF-N-
Char”, respectively. The raw RH sample was also pyrolyzed under
the same conditions without the ammonification treatment as a
control, labeled “R-Char”.
2.5. Physical and chemical properties

The impact of acid washing on the surface characteristics of RH,
HF-RH, and HF-N-Char was investigated by FESEM (field emission
scanning electron microscopy, Sirion 200, FEI, Holland). Surface
elemental analysis of samples was conducted by EDX (energy
dispersive X-ray spectroscopy, EDAX Inc., USA) to ascertain the
evolvement of superficial element distribution.

To explore the effects of deashing treatment on the textural
formation of the derived biochars, the surface area and pore
structure characteristics of all precursors and biochars were
determined from N2 and CO2 adsorption isotherms obtained at
77 K and 273 K using automatic adsorption equipment
(ASAP2020, Micromeritics, USA). The BET surface area (SBET),
micropore surface area (Smic), and micropore volume (Vmic) of
samples were calculated according to the BET equation and the
DR (DubinineRadushkevich) equation. The distribution of micro-,
meso- and macropores were analyzed according to DFT (density
function theory). In this DFT approach, the local fluid density
profile r(r) of the adsorbate at phase equilibrium is determined
by minimization of the grand thermodynamic potential (U).
The U expressed as a function of the fluid density r(r) is given as
[26]:
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U½rðrÞ� ¼ F½rðrÞ� �
Z

rðrÞ½m� VextðrÞ� dr (1)

where F[r(r)] is the intrinsic Helmholtz free energy functional, r is
the spatial-coordinate, m is the chemical potential, and Vext is po-
tential imposed by the pore walls. The Vext depends only on one
spatial coordinate:

VestðzÞ ¼ fsf ðzÞ þ fsf ðH � zÞ (2)

where fsf is the adsorbate-bounding slabs potential, H is physical
pore width of adsorbent and z is the distance between the adsor-
bate and the adsorbent surface. The pore size distribution can be
calculated by an adsorption isotherm N(P, H):

NðP;HÞ ¼ 1
H

ZH

0

½rðzÞ � rb� dz (3)

where rb is bulk gas density and P is pressure.
To analyze changes in surface functional groups, the surface

chemical properties of all samples were investigated by FTIR
(Fourier transform infrared spectroscopy). Carbon and nitrogen
contents were measured with a CHNS elementary analyzer (Vario
Micro Cube, Germany).

2.6. CO2 adsorption

The CO2 adsorption performance of biochars was characterized
by adsorbing CO2 in a fix bed reactor with a TGA (thermogravi-
metric analyzer). The experimental procedure (shown in Fig. 1),
step-by-step, was conducted as follows [7]:

Step 1: About 10 mg of each sample was loaded in a small pan
and heated up to 200 �C under an N2 atmosphere (100 ml/min)
and held isothermally for 1 h to remove moisture and other
gases.
Step 2: Heating stopped until the temperature decreased to the
targeted adsorption temperature of 30 �C/120 �C. Once reaching
the targeted temperature, the atmosphere was switched to pure
CO2 (100 ml/min) and the sample was held isothermally for 1 h
to ensure that the adsorption process had finished. The weight
increase during this stage was considered the total CO2
adsorption amount.
Step 3: The CO2 atmosphere was switched to an N2 atmosphere
while temperaturewas increased at a heating rate of 10 �C/min to
200 �C, then held isothermally for 1 h to realize desorption of CO2.
At this point, one adsorptionedesorption circle was complete.

To investigate the recoverability of the biochars, three adsorp-
tionedesorption cycles were conducted by repeating the second
and third steps.
One adsorption-desorption circle 

10 mg 
Biochar

Step 1:
drying

At 30 ºC/120 ºC in  
CO2 atmosphere for 

1 h

Step 2:
adsorption

Step 3:
desorption

At 200 ºC in  
N2 atmosphere 

for 1 h

At 200 ºC in  
N2 atmosphere 

for 1 h

Fig. 1. CO2 adsorptionedesorption procedure.
3. Results and discussion

3.1. Ash content and composition analysis

The proximate analysis and ash composition of RH and HF-RH
are listed in Table 2 and Table 3, respectively. RH had a very high
ash content, up to 15.96 wt.%, mainly comprised of SiO2 (91.25 wt.%,
Table 3). After washing by HF solution, the ash (A) content
dramatically reduced to 0.94 wt.%, but the FC (fixed carbon)
changed very little (from 11.03 wt.% to 10.83 wt.%). This implies that
HF deashing treatment removed most of the raw ash. In addition,
after deashing treatment, A/FC ratio likewise decreased from 1.45 to
0.087. The deashing efficiency of the HF solution reached 94.1%.
Moisture content (M) also slightly decreased, while volatile content
(V) quite dramatically increased (82.98 wt.%). This indicates that RH
deashed by HF solution has high volatile content, which benefits
the formation of pore structure during high-temperature treatment
process [27].

Table 3 shows where SiO2 and K2O content in the samples both
decreased significantly, while MgO, CaO, and Fe2O3 considerably
increased. Basically, the HF solution effectively removed Si and K,
but not Mg, Ca, or Fe. The likely mechanism behind this is that
compounds containing Si react with HF to form SiF4, while com-
pounds containing Mg, Ca, and Fe tend to react with HF to form
insoluble or just slightly soluble compounds; a similar mechanism
exists for P and S. The most likely reaction mechanisms can be
expressed as follows [28]:

Mg2þ þ 2F� / MgF2Y (4)

Ca2þ þ 2F� / CaF2Y (5)

Fe3þ þ 3F� / FeF3Y (6)

Ca2þ þ SO4
2� / CaSO4Y (7)

3Mg2þ þ 2PO4
3� / Mg3 (PO4)2Y (8)

3Ca2þ þ 2PO4
3� / Ca3 (PO4)2Y (9)

Fe3þ þ PO4
3� / FePO4Y (10)

3.2. Textural characterization

3.2.1. FESEM analysis
Fig. 2 shows FESEM images of RH, HF-RH and HF-N-Char. The

main composition of a rice husk includes an outer epidermis,
lower epidermis, and bundle of internal vascular tissues. The outer
epidermis, as shown below, presents regular cone convex struc-
ture, with a bright and smooth surface (Fig. 2a). The vast majority
of silicon content was concentrated on the surface, forming an Si-
rich protective layer structure [29]. However, the embossed,
relatively smooth surface of RH was replaced by a rougher surface
Table 2
The proximate analysis result of raw rice husk and the pre-deashed.

Sample Proximate analysis (ad, wt.%) A/FC

M V A FC

RH 5.52 67.49 15.96 11.03 1.45
HF-RH 5.26 82.98 0.94 10.83 0.087

M, V, A and FC represent moisture, volatile, ash and fixed carbon, respectively. A/FC
is the ratio of ash and fixed carbon. RH and HF-RH mean the raw rice husk and the
pre-deashed, respectively.



Table 3
XRF results of RH and HF-RH ashes.

Sample Composition (wt.%)

MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO MnO Fe2O3

RH 0.48 1.03 91.25 0.75 1.17 0.61 2.56 1.62 0.19 0.34
HF-RH 3.56 1.68 2.07 3.16 35.24 1.26 0.72 47.57 0.55 4.18
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after pre-deashing with HF solution (Fig. 2b). This phenomenon is
attributable to the removal of mineral silicon and destruction of
the protective layer, which, once disintegrated, exposed the in-
ternal xylem tissue and formed rougher morphology. The main
framework of xylem and phloem tissues was barely affected after
deashing treatment, however [25]. Fig. 2c shows FESEM images of
HF-N-Char, where the original compact fibrous material turned
into a much more porous carbon material with abundant tunnel-
shaped pore structures after one-step ammonification. Removing
the protective layer provided more opportunities for free radicals
to pass through, and facilitated release of small molecular sub-
stances, which are altogether favorable for pore structure forma-
tion [27].

3.2.2. Pore distribution and surface area
Fig. 3 shows the N2 and CO2 adsorption isotherms of samples,

respectively. The BET surface areas and the mesopore and macro-
pore distribution of precursors and chars are calculated from the
adsorption isotherms of N2 at 77 K. The micropore properties
(include Smic, Vmic and micropore distribution) are determined by
physical adsorption of CO2 at 273 K. This is due to the existence of
diffusion limitations to the entrance of N2 molecule at 77 K in
narrow micropores [20].

The BET surface area, micropore surface area, and micropore
volume of all samples are presented in Table 4. The SBET, Smic, and
Vmic values of HF-RH are smaller than those of RH, suggesting that
deashing blocked or collapsed the pores. Pore size distribution
curves are displayed in Fig. 4, which clearly demonstrates the
evolution of pore structure after pre-deashing treatment by HF
solution. Mesopores and macropores significantly decreased after
HF treatment, likely due to the removal of silicon promoting
causing mesopores to overlap and form macropores, after which
the excessive corrosion of HF collapsed the macropores [30]. In
addition, the amount of narrow micropores (<0.7 nm) reduced
considerably, but broader micropores (0.7e2 nm) slightly
increased. The removal of inorganic minerals probably broadened
the narrow micropores.

The SBET value of N-Char was smaller than that of R-Char, while
the Smic and Vmic values were larger (Table 4), implying that high-
temperature ammonia treatment increased Smic and Vmic, but
Fig. 2. FESEM micrographs of RH (a, 200�, 100 mm), HF-RH
decreased SBET. Increases in Smic and Vmic can be strictly attributed
to the optimized micropore structure. Coincidentally, Fig. 5a shows
that the micropore structure of N-Char is markedly better than that
of R-Char. However, Fig. 5b shows where the narrow mesopores
(2e7 nm) of N-Char had weaker structure than R-Char, but the
structure of macropores and broad mesopores (7e50 nm) of N-
Char are obviously more favorable than R-Char (Fig. 5bec). It in-
dicates that the influence of narrow mesopores on SBET was much
greater than macropores or broad mesopores, because SBET is
mainly dependent on mesopore and macropore structure [31].

Compared to R-Char and N-Char, HF-N-Char hadmaximum BET
surface area, micropore surface area, and micropore volume
(Table 4). The SBET value of HF-N-Char was 451.02 m2/g, an 85.3%
and 89.7% increase, respectively, over R-char and N-Char. The Smic

value of HF-N-Char was 545.74 m2/g, an 83.9% increase compared
to R-char and 82.1% increase compared to N-Char. HF-N-Char's
Vmic was 0.219 ml/g, an 84.0% and 82.6% increase compared to R-
char and N-Char, respectively. It can thus be concluded that
deashing treatment led to obvious improvement of SBET, Smic, and
Vmic values. The pore structure in almost all size ranges of HF-N-
Char was also the best of all samples (Fig. 5), indicating that pre-
deashing not only eliminated the deterioration of narrow meso-
pores, but also intensified the enhancement of micropores and
macropores during one-step ammonification process. The most
likely mechanism for this is that Si removal decreased the for-
mation of amorphous SiO2 largely concentrated in the outer
epidermis, and thus was disadvantageous to porous structure
formation [29,30].

3.3. Chemical characterization

3.3.1. Elemental analysis
Surface elemental composition information for RH and HF-RH is

listed in Table 5. The chemical composition of rice husk before and
after deashing differed considerably. The surface Sis content
decreased dramatically, from 43.71 wt.% to 0.19 wt.%, after deashing
by HF solution; Os content increased from 33.86 wt.% to 38.53 wt.%
and Ns from 2.28 wt.% to 3.2 wt.%. Table 6 shows where the change
trend of the surface atomic Ca, Na, and Sia were the same as Cs, Ns,
and Sis. However, the surface atomic ratio of Sia/Ca decreased from
(b, 200�, 100 mm) and HF-N-Char (c, 200�, 100 mm).
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0.99 to 0.0014, Oa/Ca decreased from 1.35 to 0.51, and Na/Ca from 0.1
to 0.05, indicating that deashing treatment mainly removed Si, but
less O and N e this explains the increased Os and Ns content on the
surface.

In addition, Oa did not increase compared to Os, but decreased
after deashing. Although the surface oxygen content increased, the
surface oxygen atom content reduced, because the atomic mass
constant of Si is larger than that of O. The surface Oa represents the
amount of surface oxygen functional groups, which are important
active sites for the introduction of nitrogen functional groups, but
not all of said oxygen functional groups form active sites [16,32].
Though the surface Oa reduced after deashing, the nitrogen content
Table 4
Physical properties and CN elementary analysis results.

Samples SBET (m2/g) Smic (m2/g) Vmic (ml/g) C (wt.%) N (wt.%)

RH 0.79 45.93 0.018 42.04 0.38
HF-RH 0.58 37.52 0.015 50.78 0.33
R-Char 243.06 296.69 0.119 52.62 0.52
N-Char 231.27 303.10 0.121 53.36 1.64
HF-N-Char 451.02 545.74 0.219 92.15 2.53
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Fig. 4. The micro- (a), meso- (b), and macropores (c) distribution of RH and HF-RH.
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of HF-N-Char was still greater than that of N-Char (Table 4). This
illustrates that deashing treatment decreased the surface oxygen
functional groups, but the number of available functional groups for
the introduction of nitrogen functional groups increased.

The surface Cs content of HF-N-Char was 89.95 wt.% (Table 5),
which was lower than the total C content of 92.15 wt.% (Table 4).
However, the surface Ns content of HF-N-Char was 5.03 wt.%, which
was more than the total N content (2.53 wt.%). The introduction of
nitrogen functional groups increases surface Ns content while
reducing Cs content [32].

3.3.2. Surface functional group analysis
The FTIR spectra of RH and HF-RH are illustrated in Fig. 6a, and

those of R-Char, N-Char, and HF-N-Char are shown in Fig. 6b. The
FTIR spectra of RH and HF-RH both demonstrate a broad peak
centered at 3423 cm�1, which represents OeH stretching vibrations
[8,20]. The broad peak of HF-RH is stronger than that of RH, indi-
cating that the amount of OeH bounding in HF-RH was higher. The
sharp peak at 1103 cm�1 represents CeOeSi stretching vibrations,
and the shorter peak at 796 cm�1 can be assigned to SieH
stretching [30]. Both peaks of HF-RH aremuchweaker than those of
RH, suggesting that HF treatment destroyed the CeOeSi and SieH
structures in RH.

The spectra of N-Char contains several peaks, which can be
assigned to OeH stretching vibrations (at 3430 cm�1), aliphatic CH,
CH2, and CH3 asymmetric and symmetric stretching vibrations (at
2923 cm�1 and 2860 cm�1) [8,32]. Most of these peaks practically
disappear in the spectra of HF-N-Char, however, indicating that
pre-deashing the rice husk promoted OeH and CeH breakage of
the derived biochar. Conversely, the spectra of HF-N-Char demon-
strates stronger peaks than N-Char at 1745 cm�1, 1571 cm�1 and
1141 cm�1, representing N]O, pyridine C]N, and CeN stretching
vibrations, respectively [9,23]. This shows that precursor pre-
deashing increased the abundance of nitrogen-containing groups
in the target biochar. The N content of HF-N-Char was the highest
out of all samples (Table 4), further proving that pre-deashing rice
husk promotes the introduction of N-containing functional groups
during ammonification treatment. Pre-deashing with HF solution
likely increased the amount of active sites on the char surface (in a
similar manner as OeH), which benefits the introduction of nitro-
gen functional groups [32].

3.4. CO2 adsorption

Fig. 7 depicts the CO2 adsorption capacity and cyclic perfor-
mance of R-char, N-Char, and HF-N-Char at 30 �C and 120 �C. It can
be observed that compared with R-Char, when the adsorption
temperature was 30 �C, the adsorption capacity of N-Char was
52.6 mg/g and had a slight increase, whereas the temperature
increased to 120 �C, its adsorption capacity was 15.1 mg/g, signifi-
cantly more than 9.8 mg/g of R-Char. It indicated that one-step
ammonification failed to improve CO2 adsorption of rice husk
char at lower adsorption temperature (30 �C), which was due to Si-
rich protective layer on the outer epidermis of rice husk. It is not
only disadvantageous to the formation of pore structure, but also
the CO2 adsorption [33]. However, when this Si-rich protective
layer was removed by HF solution, it can be found that HF-N-Char
owned the largest capacity of CO2 adsorption at both temperatures:
77.9 mg/g at 30 �C, and 18.1 mg/g at 120 �C. These results illumi-
nated that the HF pre-deashing treatment of precursor did improve
the CO2 adsorption characteristics of nitrogen-enriched biochar.
The reason of this phenomenon is probably that the HF pre-
deashing of precursor not only removed the Si-rich structure, but
also made three major components of rice husk (cellulose, lignin
and hemicelluloses) separated [29]. These changes promoted the



Table 5
EDX elements microanalysis for the sample surface, at 10 mm.

Sample Element (wt.%)

Cs Ns Os Mgs Als Sis Ps Ss Cls Ks Cas Mns

RH 18.80 2.28 33.86 0.05 e 43.71 1.30 e e e e e

HF-RH 56.41 3.20 38.53 0.17 0.14 0.19 0.07 0.21 0.15 0.18 0.33 0.42
HF-N-Char 89.95 5.03 4.27 0.10 0.04 0.07 0.06 0.10 e e 0.23 0.14

sSurface element.

Table 6
Surface atomic ratio of the sample surface, at 10 mm.

Sample Ca (at.%) Na (at.%) Oa (at.%) Sia (at.%) Na/Ca Oa/Ca Sia/Ca

RH 28.75 2.99 38.87 28.58 0.10 1.35 0.99
HF-RH 63.59 3.09 32.61 0.09 0.05 0.51 0.0014
HF-N-Char 92.04 4.42 3.28 0.03 0.05 0.04 0.0003

aSurface atomic.
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development of pore structures, introduction of surface nitrogen
functional groups and the increase of the surface activity, which
enhanced physical adsorption as well as chemical adsorption [34].

The cyclic adsorption performance of R-char, N-Char, and HF-N-
Char was effective at 30 �C, but deteriorated slightly at 120 �C with
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Fig. 6. FTIR spectra of rice husk (a) and chars (b).
cycle times. (About a 10% reduction was found for the third
adsorptionedesorption circle.) Essentially, biochars adsorb CO2
better at 30 �C than that at 120 �C. The reason for this is that the CO2
adsorption capacity at 30 �C is mainly attributed to physical
adsorption, but chemical adsorption dominates at 120 �C e higher
adsorption temperature drives down the regeneration of chemical
adsorption active sites [7].
4. Conclusion

This study investigated the effects of pre-deashing treatment on
the physicochemical properties and CO2 adsorption performance of
R-Char N-Char HF-N-Char
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atmosphere.
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nitrogen-enriched rice husk biochar. The most notable conclusions
are summarized as follows:

(1) Deashing by HF solution destroys CeOeSi bounding in rice
husk and removes themajority of Si content. Though N and O
can be partially removed from rice husk during this process,
the surface N and O content increases after deashing.

(2) Deashing by HF solution deteriorates the original pore
structures of rice husk, and removes the protective layer
structure of the outer epidermis, but does benefit the phys-
icochemical properties of the material (as evidenced by the
HF-N-Char sample.) The SBET, Smic, Vmic and total N content of
HF-N-Char all increased significantly.

(3) The introduction of N-containing functional groups during
ammonification influences the pore size distribution of bio-
chars. Narrow mesopores (2e7 nm) are blocked, while mi-
cro- and macropores increase after ammonification.

(4) The CO2 adsorption capacity of HF-N-Char was 77.9 mg/g at
30 �C and 18.1 mg/g at 120 �C, while that of N-Char was
59.6 mg/g at 30 �C and 15.1 mg/g at 120 �C. These results
demonstrate that pre-deashing of rice husk by HF solution
enhances both physical and chemical adsorption capacities
of derived nitrogen-enriched biochars.
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