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To fundamentally solve the problem of chlorine corrosion in blast furnace gas (BFG) systems, a supported

adsorbent is used for HCl removal at low temperature. In this paper, three alkaline substances, Ca(OH)2,

NaOH, and Na2CO3, were separately coated on the surface of activated alumina balls (AABs) by wetness

impregnation method, using the as-active components. These materials were measured by XRF, XRD,

SEM, TEM, and N2 adsorption to characterize textural properties. The modification experiments indicated

that Na2CO3 fibers can be obtained on the surface of AABs by adjusting the loading amounts,

impregnation time, and drying conditions. The fibers' structure contributes to the gas phase diffusion in

the product layer, greatly improving the conversion of Na2CO3 (>0.98). The highest value of HCl

adsorption capacity reaches 3.56 mmol g�1 when the Na2CO3 loading amount is 20 wt%, five times the

adsorption capacity of pure AABs. The kinetics of HCl removal by the Na2CO3 fiber-modified AABs is

controlled by the interfacial chemical reaction.

1. Introduction

It has been widely accepted that blast furnace gas (BFG) is

a reusable derivative energy source due to the large heat and

high pressure in the process of blast furnace production.1 In the

process of recycling the blast furnace gas, the dry-dedusting

process is adopted to make the gas purication efficient.

However, serious corrosion has appeared in the BFG pipeline in

the short term—a large amount of salt blocks the Blast Furnace

Top Gas Recovery Turbine Unit (TRT), and even the refractory

bricks in the hot blast stove have been partially broken.2

According to the reports, hydrogen chloride (HCl) in the gas

stream is the only explanation for equipment corrosion.2,3

Normally, the temperature of BFG is in the range of 380–423 K.

BFG steam consists of 23% CO, 20% CO2, 55% N2, and a small

amount of methane; simultaneously, there is about 300 ppm

hydrogen chloride (HCl). Although the content of HCl in the

BFG is very small, the blast furnace still generates a heavy

chlorine burden attributed to the large amount of blast furnace

gas production. For example, a 2650 m3 BF produces 8 million

m3 of BFG per day, containing about 3 tons of HCl, which is

a huge threat to the gas pipeline and hot blast stove. Therefore,

nding an effective adsorption material to remove HCl from the

BFG is urgently necessary.

At present, more studies have paid attention to the removal

of acid gases from the hot ue gas (673–1073 K) of the coal

industry.4–11 The reaction mechanism mainly depends on the

neutralization of acid and alkali to capture acid gas in the process

of gas stream cleaning. Duo et al.5,12 reported that the higher HCl

capacity of sorbents correspond to the higher temperature from

573 to 873 K. Na sorbents showed optimal HCl sorption perfor-

mance in the temperature range of 673–773 K. Dou et al.13,14

found that Na2CO3, Ca(OH)2, or CaO were suitable to achieving

the tolerance limit of 1 ppmv HCl from hot gas. The experimental

results showed that the HCl capacity of alkali materials at 473 K is

less than 20% (3.5 mmol HCl g�1) of that at 773 K, suggesting

that the chemical reaction of adsorbents is limited at low

temperature.15 Besides, with poor structure, the conversion of the

active materials is less than 50%,16 which undoubtedly increases

the cost of dechlorination.

Mesoporous materials such as activated carbon (AC), activated

alumina balls (AABs), molecular sieves, etc. have been developed

as potential adsorbents or catalyst supports for the removal of

acidic gases due to their large surface area and abundant porous

structure.17–21 Taguchi et al.22–24 pointed out that the reaction

mechanism of gas on the surface of these porous materials relies

on physical adsorption, which contributes to regeneration and

recycling. ZnO supported by 3-D structural mesoporousmolecular

aSchool of Metallurgical and Ecological Engineering, University of Science and

Technology Beijing, Beijing 100083, China. E-mail: zhangmei@ustb.edu.cn; Fax: +86

10 62334926

bInstitute of Technology of Shougang Group, Beijing 100043, China

cShanxi Collaborative Innovation Center of High Value-added Utilization of Coal-

related Wastes in Shanxi University, China

Cite this: RSC Adv., 2017, 7, 53306

Received 29th September 2017

Accepted 6th November 2017

DOI: 10.1039/c7ra10790k

rsc.li/rsc-advances

53306 | RSC Adv., 2017, 7, 53306–53315 This journal is © The Royal Society of Chemistry 2017

RSC Advances

PAPER

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

0
 N

o
v
em

b
er

 2
0
1
7
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 8

:1
9
:5

0
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0003-1939-302X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/C7RA10790K
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007084


sieves had been synthesized for H2S removal from gas stream,

reported by Li,25 suggesting that the mesoporous structure

beneted the dispersion of active phase. Among them, activated

alumina balls (AABs) are well known as a potential carriermaterial

for the adsorption of acid gases at low temperature due to their

receptivity to modication with alkaline substances.26–29

For gases at room temperature, alkaline substances are usually

used as active materials, supported by impregnation method, to

remove acid gas for feeding molten carbonate fuel cells

(MCFCs).30–33 Lee34 showed that the HCl capacity of NaOH/AC is

about 6 times that of commercial alumina. However, Micoli

et al.35,36 investigated the HCl adsorption performance of activated

carbon impregnated with KOH, NaOH or Na2CO3, respectively.

They suggested that the best adsorption performance for HCl

adsorption was obtained by impregnating Na2CO3. Due to

temperature limits, the chlorine capacity of the sorbent was lower

than 0.4 mmol HCl g�1. Zhao et al.37–39 suggested that K2CO3/

Al2O3 and Na2CO3/Al2O3 had the potential to be employed as

excellent sorbents for CO2 uptake due to their rapid reaction rate

and high CO2 capture capacities. Zhao
40 investigated the effect of

Na2CO3 loading on the adsorption capacity of the acid gases,

which reached amaximum at the dispersion threshold. The paper

of Dong41 showed that there was a change of surface structure

aer the modication of g-Al2O3 with Na2CO3, unfortunately

without any further analysis. It is worth mentioning that the

change of HCl concentration in mixed gas has little effect on the

adsorption capacity in the adsorption test.5,34 Therefore, many

experiments to simulate the removal of HCl from gas tend to

adopt an accelerated aging test with high HCl concentration.

In general, there is a lack of literature on HCl removal from

BFG in the steel industry for its extreme conditions, namely,

selective removal of HCl at the lower temperature of 380–423 K.

For the purpose of environmental protection and energy

recovery, the importance of HCl removal from blast furnace gas

is self-evident. In this work, three modiers, Na2CO3, Ca(OH)2
and NaOH, were coated on AABs by impregnation method. The

structure properties of the initial, impregnated and exhausted

materials have been characterized. The adsorption activity of

the prepared materials had been measured using the acceler-

ated aging test with a HCl concentration of 50% at the low

temperature of 423 K; accordingly, the reaction mechanism of

HCl and sorbents are also proposed.

2. Experimental
2.1 Materials

Commercial activated alumina balls (AABs) were purchased

from Shandong province in China without further purication.

Calcium hydroxide (Ca(OH)2), sodium carbonate anhydrous

(Na2CO3), and sodium hydroxide (NaOH) were analytical grade

and used as received without further purication. The basic

physical properties of AABs are shown in Table 1.

2.2 Preparation of modied sorbents

The modied sorbents in this study were prepared by the

impregnation method. The preparation process consisted of

two stages, namely, the selection of modiers and optimization

of impregnating conditions.

2.2.1 Alkaline modier selection. The impregnation solu-

tions were obtained by dissolving 0.34 g Ca(OH)2 powder, 20 g

NaOH powder and 20 g Na2CO3 powder in 200 mL of deionized

water, respectively, to form three kinds of impregnation solu-

tions. Then, 40 g AABs were severally added into the impreg-

nation solutions, which were then subjected to ultrasonic

shocking at room temperature for 1 h, immersion for 17 h and

nally drying at 473 K for 24 h. The obtained samples were

named Ca(OH)2-AAB, 10NaOH-AAB, and 10Na2CO3-AAB,

respectively; 10 represents the designed loading amounts of

NaOH and Na2CO3, whereas the loading amount of Ca(OH)2 is

the maximum value for its lower solubility. The pure AABs

without alkaline modication were used for comparison. The

actual loading amounts of NaOH and Na2CO3 on the sorbents

were determined by X-ray uorescence (XRF).

2.2.2 Impregnation parameters selection. In order to opti-

mize the microstructure of sorbents, factors such as loading

amounts of Na2CO3, impregnation time and drying time have

been investigated; the details of inuencing factors are shown

in Table 2. To prepare the impregnation solution, 10 g, 30 g,

40 g, 50 g and 60 g pure Na2CO3 powder were separately placed

in 200 mL of deionized water resulting in, respectively,

0.47 mol L�1, 1.42 mol L�1, 1.88 mol L�1, 2.36 mol L�1 and

2.83 mol L�1 Na2CO3 solutions, and ve sorbents of different

Na2CO3 loading amounts were obtained aer 40 g AABs had

been impregnated in the corresponding Na2CO3 solution. The

designations of 5, 15, 20, 25 and 30 correspond to the

percentage of Na2CO3 loading amounts. The effects of the

impregnation time (2 h, 10 h, 17 h and 24 h) and drying time

(16 h, 20 h, 24 h and 28 h) on the microstructure of sorbents

were subsequently investigated. The actual loading amounts of

Na2CO3 on the sorbents were determined by XRF.

2.3 Activity test of HCl removal

Aer the preparation of modied sorbent loaded with Na2CO3,

its HCl removal activity was subsequently tested in a xed bed

reactor with the reaction temperature of 423 K under normal

atmosphere. The experimental apparatus is shown in Fig. 1. The

sorbents were rstly treated at 423 K for 0.5 h in N2 ow

Table 1 The physical properties of AABs

Properties

Particle size

(mm)

SBET
(m2 g�1)

Pore volume

(cm3 g�1)

Pore size

(nm)

Parameter 4–8 160 0.45 9.74

Table 2 Summary of impregnation conditions

Modier Factors Parameters

Na2CO3 Loading amounts 5%, 15%, 20% 25%

Impregnation time 2 h, 10 h, 17 h, 24 h

Drying time 16 h, 20 h, 24 h, 28 h

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 53306–53315 | 53307
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(20 mL min�1) before the test. High-purity HCl and N2, whose

ow rates were similarly controlled by mass ow meters at

20 mL min�1, were mixed to pass through the sorbents (about

23 g) in the heating furnace. Because the work temperature of

BFG is in the range of 380–423 K, the experimental temperature

for HCl adsorption was controlled at 423 K to simulate the real

temperature of BFG. Aerwards, the escaped HCl was absorbed

by 1 L deionized water in the adsorption bottle, and the

concentration Ct of HCl in the outlet gas at that moment was

ascertained synchronously by detecting the change of the pH

value in the adsorption solution.35,36,42 Finally, the gas stream

owed through the treatment bottle, ensuring no pollution to

the environment before the vent.

The test was stopped immediately when the pH value

decreased sharply in the adsorption bottle; this moment was

named the breakthrough time tb. The exhausted sorbents were

taken out of the reactor and desorbed in the deionized water,

and the concentration Ce of chloride ion in the desorption

solution was determined by a chloride ion concentration meter.

The HCl adsorption capacity qe (mmol g�1) of the exhausted

sorbents can be calculated from the following eqn (1):

qe ¼
VCe

m0

� 1000 (1)

wherem0 (g) is the initial mass of sorbents, V (L) is the volume of

the desorption solution, and Ce (mol L�1) is the concentration

of Cl� in the desorption solution at equilibrium.

The adsorption efficiency h of the sorbents at every moment

can be calculated using the following eqn (2):

h ¼
1� Ct

C0

� 100% (2)

where C0 (constant, 20 mL min�1) represents the concentration

of HCl in the inlet gas, and Ct (mL min�1) represents the

concentration of HCl in the outlet gas at time t.

2.4 Characterizations

The actual loading amounts of Na2CO3 supported on the

sorbents were determined by X-ray uorescence spectrometer

(XRF-1800, Japan). The eld emission scanning electron

microscope (FESEM) (Zeiss supra 55), operated at 10 kV,

coupled with energy dispersive X-ray analysis (EDS) was used to

investigate the morphologies and element distribution of

sorbent nanostructures. The X-ray diffraction (XRD) analysis,

carried out on a powder X-ray diffractometer (Rigaku Dmax-

2500 diffractometer using Cu Ka radiation), was used to deter-

mine the phase composition of the sorbents. Further structural

characterization of the Na2CO3 bers coated on the AABs

substrate was performed by applying high-resolution trans-

mission electron microscopy (HRTEM, Tecnai F20) operated at

200 kV. Surface area measurements were carried out by N2

adsorption at 77 K using a Micromeritics ASAP2020 instrument.

The pH value of the adsorption solution was monitored by pH

electrode 201T-M connected to the pHmeter (MP520, Shanghai,

San-Xin). The chloride ion concentration in the HCl desorption

solution was measured by chloride ion – selective electrode

CL502 connected concentration meter (MP523, Shanghai, San-

Xin).

3. Results and discussion
3.1 Preparation of the alkaline modied sorbents

3.1.1 Selection of modier. Three alkali-modied sorbents,

namely, Ca(OH)2-AAB, 10NaOH-AAB and 10Na2CO3-AAB, were

characterized by SEM, XRD and BET. The loading amounts and

BET results are summarized in Table 3. It can be observed that

the loading amount of Na2CO3 is the same as NaOH. However,

the amount of Ca(OH)2 impregnated was less than 1 wt%. The

BET results showed that the specic surface area and pore

volume of 10NaOH-AAB were greatly reduced. In contrast, the

sample 10Na2CO3-AAB retained the specic surface area aer

loading with Na2CO3 solution.

The XRD patterns of the modied samples are shown in

Fig. 2. It depicts that sample Ca(OH)2-AAB shows corresponding

characteristic peaks of the substrate, whereas sample 10NaOH-

AAB shows trace peaks of NaAlO2 compared with the obvious

peaks of Na2CO3 phase in sample 10Na2CO3-AAB besides the

substrate, suggesting that a complex reaction between NaOH

and the AAB substrate has occurred.

The SEM images of the untreated and modied AABs with

alkaline substances are shown in Fig. 2(b–e). From Fig. 2(b), it

can be seen that there were a large number of uffy structures

on the surface of the original AABs, which makes its specic

surface area large and benets the alkaline adsorption. The

modication of Ca(OH)2 as presented in Fig. 2(c) generates

some lamellar structures in the AABs. However, the modica-

tion of NaOH deteriorates the surface morphology of alumina

balls; namely, the pores in the AABs are almost blocked

(Fig. 2(d)). The microscopic morphology of sorbent 10Na2CO3-

AAB is shown in Fig. 2(e); a layer of brous network coats the

surface of AABs, indicating that the Na2CO3 bers on the

support help to preserve its high surface area. Considering the

surface morphology and physical properties of the sorbent aer

modication, Na2CO3 has been selected as the optimal

modier.

3.1.2 Effect of Na2CO3 loading amount. The relationship

curve of the actual loading amounts of Na2CO3 on the sorbents

with the designed loading amounts is shown in Fig. 3(a). The

actual loading amount of Na2CO3 increased synchronously with

Fig. 1 Schematic diagram of the experimental apparatus: 1-N2

cylinder, 2-HCl cylinder, 3-sorbents, 4-adsorption bottle, 5-pH elec-

trode, 6-pH meter, 7-computer, 8-treatment bottle.
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the increasing concentration of Na2CO3 solution up to 20 wt%,

and then it continued to increase, but slowly.

Moreover, the actual loading capacities are almost accorded

to the concentration of Na2CO3 solution when it is lower than

25 wt%, indicating that the loading amount of Na2CO3 in the

sorbents reached saturation herein. Therefore, the loading

amounts ranging from 5 wt% to 25 wt% is suitable for further

investigation.

The XRD patterns of different loading amounts are shown in

Fig. 3(b). When the loading amount reaches 10 wt%, the slight

characteristic peaks of Na2CO3 can be detected in the XRD

patterns. When the loading amount increases to 15 wt% and

even higher, the characteristic peaks of Na2CO3 are obvious.

There is no new phase formation in the entire process, indi-

cating that no chemical reaction happened between Na2CO3

and AABs. The BET results of the samples with different loading

amounts are listed in Table 4. It shows that the specic surface

area of the sorbent decreases rst and then increases with the

increasing loading amounts, and reaches the highest value of

150 m2 g�1 when loading amount is 15 wt%. The specic

surface area of the sorbent obviously reduces when the loading

amount is further increased to 25 wt%, suggesting that there

must be a great change in AAB microstructure.

The FESEM images of modied AABs with different loading

amounts of Na2CO3 are shown in Fig. 4(a–d). Clearly, the surface

morphology of the samples changes greatly with different

loading amounts. When the loading amount is 5 wt%, the

Table 3 The loading amounts and BET results of the AABs with or without modification

Samples AAB Ca(OH)2-AAB 10NaOH-AAB 10Na2CO3-AAB

Designed loading amount (wt%) — 0.34 10 10
Loading amount (wt%) — 5 98 98

SBET (m2 g�1) 160 125 105 144

Pore volume (cm3 g�1) 0.45 0.51 0.40 0.51

Pore diameter (nm) 9.74 6.59 9.32 7.9

Fig. 2 (a) XRD patterns of the modified sorbents with different alkaline

substances. The SEM images of the untreated and modified sorbents:

(b) AABs, (c) Ca(OH)2-AAB, (d) 10NaOH-AAB and (e) 10Na2CO3-AAB.

Fig. 3 (a) The curve of actual loading amount against the designed

loading amount and (b) XRD patterns of the modified sorbents with

different loading amounts: 0–25 wt%.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 53306–53315 | 53309
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surface of the sample shows a small number of bers growing

along the edge of AAB pores, meanwhile blocking most of the

uffy structures. Further enhancing the loading amount to 15–

20 wt%, the bers on the surface of the samples reach their

longest; that is, the bers have an average length longer than

20 mm, the average aspect ratio is more than 100, and they

uniformly cover the surface of AABs, which greatly improves the

active sites of sorbents. When the loading amount increased to

25 wt%, almost all the bers disappeared, and the surface of

AABs are covered completely by a thick layer of Na2CO3. The

SEM results can explain the BET variation.

In order to analyze and understand the cause of formation

and the phase composition of bers, XRD, SEM and TEM of

modied AABs with 15 wt% loading were subsequently detec-

ted. The EDS result in Fig. 4(e) shows that bers consist of

elements Na and Al, suggesting that Na2CO3 may be adsorbed

on the Al2O3 substrate. Furthermore, detection of Al illustrates

that the surface of the Al2O3 substrate has not been completely

enclosed, which benets the effective utilization of the porous

structure of the Al2O3 substrate. Fig. 4(g) shows a typical TEM

image of the bers. The crystal plane distance measured by the

lattice fringe is 0.237 nm or 0.238 nm in Fig. 4(h), which is

similar to the (112) lattice spacing of Na2CO3 (0.237 nm, PDF

card no. 72-0628). Furthermore, it can be found that the Na2CO3

ber shows a stronger diffraction peak of (112) in Fig. 4(f),

suggesting that the growth of bers is oriented along the [112]

direction.

The pore volume distribution of the six samples is shown in

Fig. 5. It can be seen that the pore volume distribution of

modied samples concentrates in the range of 5–10 nm and

that the samples exhibit almost uniform mesoporous structure,

which agrees well with the result of SEM observation.

3.1.3 Effect of impregnation time. The FESEM images of

AABsmodied at different durations (2 h, 10 h, 17 h and 24 h) in

the impregnation solution and then dried at 473 K for 24 h are

separately shown in Fig. 6. It shows that the surface morphology

of the samples transformed obviously with prolonged impreg-

nation time. When the impregnation time is less than 10 h, no

Na2CO3 ber appears on the surface of the sample. The Na2CO3

bers achievemaximum and uniform coverage on the surface of

AABs when the impregnation time reaches 17 h. When the

Table 4 The BET results of the sorbents with different loading

amounts

Loading amount
(wt%)

Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore diameter
(nm)

5 125 0.48 7.6

10 144 0.51 7.9
15 150 0.45 5.65

20 145 0.45 7.8

25 134 0.42 6.6

Fig. 4 Representative FESEM images of modified AABs with different loading amounts of Na2CO3: (a) 5 wt%, (b) 15 wt%, (c) 20 wt%, (d) 25 wt%,

and (e) typical SEM-EDS analysis of the fibers, (f) XRD pattern of the modified AABs (15 wt%), and (g) TEM and (h) HRTEM images of the fiber.

Fig. 5 Pore volume distribution of the modified sorbents with

different loading amounts: 0–25 wt%, inset image is the full view of the

pore volume distribution.
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impregnation time is more than 24 h, however, the Na2CO3

bers on the substrate surface bond together, suggesting that

impregnation for too long a time inhibited the growth of

Na2CO3 bers. Hence, the Na2CO3 bers on the surface of the

modied AABs only appear with maximum and uniform

coverage aer 17 h impregnation.

3.1.4 Effect of drying time. Aer immersion in 20 wt%

Na2CO3 solution for 17 h, the sorbents were dried from 16 h to

28 h in an oven (423 K). Their microstructures are shown in

Fig. 7. Similarly, Na2CO3 bers show obvious differences under

different drying time. When the drying time is 16 h, the bud of

the Na2CO3 bers just grew on the surface of the AABs. With

prolonged drying time to 24 h, the Na2CO3 bers are also

observed on the surface of AABs. However, when the drying time

is further extended, the Na2CO3 bers stopped further growth,

suggesting that the production of bers achieved equilibrium

due to the complete exhaustion of moisture.

The wetness impregnation method was used to support

Na2CO3 on AABs to obtain the modied sorbents. Na2CO3 bers

are controlled to grow on the AAB surface by adjusting the

loading amount, the impregnation time and the drying time.

The optimal conditions for ber growth are a loading amount of

15–20 wt%, impregnation time of 17 h and drying at 473 K

for 24 h.

3.2 HCl adsorption measurement

Aer the AABs were modied with the Na2CO3 bers, the HCl

removal experiments were carried out. In this study, the prin-

ciple of HCl removal is an acid–base reaction, as shown in

eqn (3).

Na2CO3 + 2HCl ¼ 2NaCl + CO2 + H2O (3)

The capture of HCl involved rstly the physical selective

adsorption on the surface of Na2CO3 bers, followed by the

acid–base reaction, forming NaCl crystals on the sorbent

surface along with CO2, which escapes out.

The total conversion rate Xe of Na2CO3 can be adopted to

evaluate the reaction degree, which is depicted as eqn (4):

Xe ¼
MNðqe � q0Þ

2�
A

1þ A
� 1000

(4)

where MN is the molecular weight of Na2CO3 (106 g mol�1), A

(wt%) is the initial loading amount of Na2CO3, q0 (mmol g�1) is

the HCl adsorption capacity of the AABs, and qe (mmol g�1) is

the HCl adsorption capacity of the modied AABs.

3.2.1 Reaction product analysis. The surface morphology

image of the exhausted sorbent with 20 wt% loading is obvi-

ously different from the original sorbents, as shown in Fig. 8(a).

The elemental distribution of the energy spectrum, shown in

Fig. 8(b), suggests that the phases on the surface of the sorbent

are almost entirely NaCl and Al2O3 (carbon had been sprayed for

electrical conduction). The XRD patterns of exhausted sorbents

are shown in Fig. 8(c); they contain the characteristic peak of

NaCl besides the substrate, indicating again that the solid-

phase product of the reaction is only NaCl.

3.2.2 Adsorption efficiency analysis. The pH evolution

curves and the adsorption efficiency h curves of the sorbents

with different loading amounts are shown in Fig. 9. It can be

seen that the pH value is almost kept constant during the whole

adsorption process for the AAB sorbents before breakthrough

(Fig. 9(a)), indicating that the physical adsorption of HCl is

efficient, with the breakthrough time of 37 min. However, the

breakthrough time is signicantly delayed with the increase of

the Na2CO3 loading amounts (Fig. 9(b)), suggesting that the

adsorption performance has been improved by chemical

adsorption, and the longest breakthrough time of 120 min is

obtained with the loading amount of 20 wt% and 25 wt%. As

shown in Fig. 9(c) of the enlarged curves, there is a clear

Fig. 6 FESEM images of modified AABs (20 wt%) with different

impregnation time: (a) 2 h, (b) 10 h, (c) 17 h, (d) 24 h (impregnation

conditions: drying for 24 h at 473 K).

Fig. 7 FESEM images of modified AABs (20 wt%) at different drying

time: (a) 16 h, (b) 20 h, (c) 24 h, (d) 28 h (impregnation conditions:

impregnation time is 17 h, drying at 473 K).

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 53306–53315 | 53311
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reduction of pH value in the modied adsorbents, at which the

physical adsorption is suppressed; meanwhile, the chemical

reaction increases slowly, and it is named as transition time tc.

The breakthrough times tb and transition times tc are shown in

Fig. 9(d).

The physical adsorption processes of these modied

sorbents are far less than the AABs, suggesting that Na2CO3 has

blocked the original pores of AABs. When the neutralization

reaction between HCl and Na2CO3 is faster than the physical

adsorption, the overall adsorption efficiency is only attributed

to the chemical adsorption, where the sorbents completely

capture the HCl. Aer the sorbent was consumed to a certain

extent, HCl adsorption stopped, and the adsorption efficiency

dropped dramatically (Fig. 9(b)); the sorbents became

ineffective.

3.2.3 Adsorption capacity analysis. The HCl adsorptive

capacity qe and nal conversion ratio of Na2CO3 Xe were calcu-

lated by eqn (1) and (4). The curves of qe and Xe with different

loading amounts of Na2CO3 are shown in Fig. 10. It can be

observed that the highest value of qe reaches 3.56 mmol g�1,

which is ve times the adsorption capacity of AABs. Meanwhile,

it keeps a conversion ratio higher than 0.98 before the sorbents

have been exhausted. When the loading amount increased to

25 wt%, the conversion ratio of Na2CO3 decreased from 0.98 to

0.90. The conversion of the Na2CO3 obtained in this study is

higher than that of the previously reported ones in literature,

summarized in Table 5.

3.2.4 Kinetics of HCl adsorption. In order to elucidate the

reaction mechanism of HCl adsorption by AAB modied with

Fig. 8 (a) FESEM image and (b) typical EDS spectrum of the exhausted

sorbent with 20 wt% loading; (c) XRD patterns of the exhausted

sorbents with different loading amounts: 0–25 wt%. The inset image in

(a) presents the original microstructure of the fibers.

Fig. 9 (a) The pH evolution curves and (b) the adsorption efficiency h

curves of the sorbents with different loading amounts: 0–25 wt%. (c)

The enlarged curves of (a) in the early 30 min period; (d) the curves of

breakthrough time tb and transition time tc.

53312 | RSC Adv., 2017, 7, 53306–53315 This journal is © The Royal Society of Chemistry 2017
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Na2CO3 bers, some models have been tted to explain the

kinetics of HCl adsorption at 423 K. The process of HCl

adsorption can be divided into the following four steps:

(1) The HCl gas adsorbs on the surface of the Na2CO3 bers.

(2) HCl and Na2CO3 molecules react on the surface of

Na2CO3 bers, generating H2O, NaCl and CO2.

(3) The CO2 molecules escape outwardly into the gas stream

through the product layer; H2Omolecules, combined with fresh

HCl molecules, diffuse to the inside surface of unreacted bers.

(4) When the reaction rate of HCl and Na2CO3 quickly

reduces, the sorbents become exhausted.

In this study, the principle of HCl adsorption is shown in eqn

(3). The conversion ratio with per-minute Xt can be calculated to

investigate the kinetics of HCl adsorption, as shown in eqn (5):

Xt ¼ Xe �

ðt

tc

hdt

ðtb
tc

hdt

ðt. tcÞ (5)

where Xe represents the maximum conversion rate, shown in

Fig. 10, h (%) represents the adsorption efficiency of the sorbent

at the time t, tb (min) is the breakthrough time of the sorbents,

and tc (min) is the transition time of the sorbents.

Considering the pore size distribution of the sorbent, the

vast majority of the mesopores do not govern the entry or exit of

the gas; that is, the external diffusion of the gas never becomes

the rate-limiting link of the adsorption reaction. According to

the previous reports,42–46 the reaction kinetics of sorbents and

HCl in the reaction of HCl adsorption at high temperature is

mainly controlled by diffusion in the product layer or interfacial

chemical reaction.

If reaction is controlled by the interfacial chemical reaction

at the grain surface, it will follow eqn (6):9,13,44

gðX Þ ¼ 1� ð1� X Þ
1

3 ¼ K1t (6)

where t is the reaction time and K1 represents the reaction rate

constant.

Fig. 10 The curves of adsorption capacity qe and conversion ratio of

Na2CO3 Xe vs. loading amounts.

Table 5 Comparison of adsorption temperature and breakthrough performance with reported literaturesa

Adsorbent
Percentage of
active components

Gas ow rate
(mL min�1)

Adsorption
T (K)

Breakthrough HCl
capacity/mmol g�1

Conversion
rate Ref.

Na2CO3$10H2O — 250 673–773 — 0.49 5
Ca(OH)2 — 150 443 — �0.15 15

Limestone/

Al2O3

30 wt% 1400 1123 — �0.6 16

CN1# — 3000 (h�1)a 823 4.1 �0.4 14
NaOH/AC$ 8 wt% 100 308 0.05 — 36

Na2CO3/AC
$ 5 wt% 100 308 0.33 — 36

K2CO3/Al2O3 40 wt% 500 673 6.28 0.75 29

Na2CO3/Al2O3 20 wt% 40 423 3.56 0.98 This study

a CN1# is Na0.98Mg0.25Ca2.3O3.04, mixed with binders and texturing agents. AC$ is activated carbon. (h�1)a is the unit of space velocity.

Fig. 11 Correlation of X with time t: (a) interfacial chemical reaction

control, (b) product layer diffusion control.
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If the reaction is controlled by reactant diffusion through the

product layer, it will follow eqn (7):

pðX Þ ¼ 1� 3ð1� X Þ
2

3 þ 2ð1� X Þ ¼ K2t (7)

where K2 represents the reaction rate constant.

Aer tting the experimental data to eqn (6) and (7), the

calculated results are separately shown in Fig. 11(a) and (b).

Compared with correlation coefficient, the gure shows that the

model of the interfacial chemical reaction control could better

explain the experimental results; especially, the linear tting

coefficient R2 of the modied AABs is larger than 0.980, proving

that the adsorption reaction is completely controlled by the

interfacial chemical reaction. On one hand, the Na2CO3 bers

did not block the uffy structures on the surface of original

AABs as shown in Fig. 2(b) and maintained the large specic

surface area of the AABs; on the other hand, the uniform pore

distribution of Na2CO3 bers provided many convenient chan-

nels for the gas inward and outward, both resulting in the easier

diffusion of gas phase in the product layer. In this case, internal

diffusion of gas phase will no longer be the rate-limiting step in

the process of chemical adsorption.

4. Conclusions

In this paper, alkali-modied AABs have been prepared to eval-

uate their performance for HCl adsorption at low temperature

(423 K). The results have demonstrated better modication ability

of Na2CO3 compared to Ca(OH)2 or NaOH. A typical brous

structure was obtained on the surface of the sorbent by loading

Na2CO3. The loading amounts, impregnation time and drying

time had great impact on themorphology of Na2CO3 bers. When

the loading amount was 15–20 wt%, the impregnation time was

17 h, and the drying time was 24 h, Na2CO3 bers with good

orientation and high aspect ratio could be obtained.

In addition, the HCl adsorption performance was investigated

in a xed bed reactor at 423 K. Extremely high adsorption effi-

ciency and the highest adsorption capacity of 3.56 mmol HCl g�1

were achieved when the loading amount was 20 wt%; the

adsorption capacity of the modied sorbents is ve times that of

AABs. The physical adsorption is faster than chemical adsorption

in the initial process of HCl adsorption, and then the dominant

reaction strongly depends on the chemical adsorption. The

kinetics investigation indicates that the reaction is controlled by

the interfacial chemical reaction; the diffusion of gas phase in the

product layer has been greatly improved by the ber structure.

We believe that Na2CO3 ber-impregnated AABs are promising

for the commercial application of HCl removal from BFG.
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