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Abstract

Arsenic emission from fuel combustion and metal lsnmg flue gas causes
serious pollution. Addition of sorbents is a proimgsway for the arsenic capture from
high temperature flue gas. However, it is difficuth remove arsenic from
SO,/HCI-rich flue gas due to the competitive reactafrihe sorbents with arsenic and
these acid gases. To solve this problem, arsemsiorption overy-Al,0O3; was studied
in this work to evaluate its adsorption mechanisgsjstance to acid gases as well as
regeneration behavior. The results show th&t,03; had good resistance to acid gases
and the arsenic adsorption BhyAl,O3 could be effectively carried out at a wide
temperature range between 573 and 1023 K. Neveghel adsorption at
higher-temperature (like 1173 K) leaded to the eéase of surface area and the
rearrangement of crystal structure yoAl,Os, reducing the active sites for arsenic
adsorption. The adsorption of arsenic was confirteedccur at different active sites
in y-Al,O3 by forming various adsorbed species. Increasingpézature facilitated
arsenic transformation into more stable chemisorBstf and AS* which were
difficult to remove through thermal treatment regextion. Fortunately, the

regeneration of spemtAl,O3; could be well performed using NaOH solution.

Keywords. Arsenic adsorptiony-Al,Os; Acid gases; Species; Regeneration
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1. Introduction

Arsenic is extremely toxic and the release of dcsemas raised great
environmental concerns (Sarkar and Paul, 2016).adaws, positive measures have
been taken in China to strictly control the arsesnassion, especially for the major
arsenic-emitting industries, like fuel combustiordanetal smelting (He et al., 2013).
Due to the high volatilization, arsenic is predoamtly evaporated into the high
temperature flue gas in the form of vapor-phasesh(sis AgO3) (Bashaa et al., 2008;
Shen et al., 2015). Arsenic vapors tend to be kadadn fine particles as temperature
decreased in the cooling process of the flue géschwis difficult to captured by
normally used air pollution control devices (Huaét 2016; Liu et al., 2016). On the
other hand, the presence of arsenic in the fluengasnegative effect for the recovery
of SQ, in the metal smelting (Dalewski, 1999). Moreoviermay also cause the
deactivation of the catalysts of the widely usddese catalytic reduction system for
NOy control (Hu et al., 2016). Therefore, it's essanfor the capture of arsenic
vapors from the high temperature flue gas.

Previous literatures, including our research, hd@monstrated that interactions
between arsenic vapors and Al, Ca and/or Fe-congmuanhanced arsenic
stabilization in coarse particles, increasing acsaapping efficiency (Hu et al., 2015;
Zhang et al., 2016). Thus, it provides a promisiay for arsenic capture from the
flue gas through the addition of Al, Ca and/or lesda sorbents. Usually, arsenic is
coexisted with sulfur in most of coals and metahanals (Shen et al., 2015; Lattanzi

et al., 2008). As a result, arsenic-rich flue gasbpbly contains a high concentration
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of SG. Among the arsenic capture sorbents, CaO was witelestigated and
showed good capacity for the adsorption of arseapors (Li et al., 2007; Tian et al.,
2016). However, CaO had low resistance te,S{Dd arsenic sorption was strongly
suppressed by the reaction of S@ith CaO (Seams and Wendt, 2007; Chen et al.,
2015). So far, it is still a challenge to find maféective and suitable sorbents for the
adsorption of arsenic at the presence 0f.SO

Comparing with CaO, active alumina has large serfacea and proper pore
structures. Using of active alumina for the arsesoeption from liquids has been
successfully carried out (Han et al., 2013; Onnélyal., 2014). Several studies have
also confirmed that arsenic could be captured ftoenhigh temperature flue gas by
alumina (Contreras et al., 2009; Luo et al., 20HDwever, the adsorption of arsenic
under the influence of acid gases had been scamcedstigated. Comparing with
CaO, alumina contained stronger surface acid aitdswveaker basic sites (Zhao et al.,
2011). Based on this, alumina might show betteistasce to acid gases than CaO
although the adsorption of S®y alumina at low temperatures was observed (Kie e
al., 2014). In addition to the adsorption atmosphehe sorption behavior was
generally determined by the reaction temperaturegiiya et al., 2009; Wang et al.,
2013). The change of the operating temperature tradfer the pathway for the
adsorption of S@as well as arsenic vapors. In view of these ppthts present study
observe the arsenic adsorption by alumina undeintheence of acid gases at various
temperatures, and the mechanism regarding theiaradsorption and reaction over

alumina was clarified.
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In particular, arsenic adsorption mechanism onvac#lumina {-Al,O3) was
studied at temperatures ranging from 573 K to 1823The experiments were
conducted in the simulated flue gas containing racseapors within/without acid
gases (S@HCI). The differences in arsenic sorption capacigre discussed
considering the effects of adsorption temperatuckthe presence of acid gases in the
flue gas. To further understand the mechanism dagguthe arsenic adsorption, the
species of the arsenic captured on the alumina determined. For the recycling of
the y-Al,O3, regeneration of the spent alumina was carriedttmough both thermal
treatment and NaOH solution leaching process.

2. Experimental procedures
2.1 Materials

Syntheticy-Al,0O3; used in this work was purchased from Aladdin (gihan
China). Before experiments, the alumina particlesencarefully sieved and the size
fraction between 200 and 3@®n was selected. To provide constant arsenic vapors,
arsenic was firstly transformed into Agl) by using a hydride generator and then
was oxidized to form arsenic vapors at 973 K (aswsh in Fig. SM-1 in
Supplementary Material (SM)). In the hydride getmraAsH(g) was produced by
mixing of NaAsQ solution (dissolved in 1 v/v% HCI solution), HCblstion and
KBH, solution. The concentration of Asfd) was constantly maintained through the
precise control of the NaAs@Golution flow rate using a peristaltic pump. Tlzdter,
the produced Askfg) was carried by pure argon to mix with, ND, and acid gases

(SO, and HCI) before entering the reactor. All the ms#@g used here are of high
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purity grade.
2.2 Adsorption Experiments

Fig. SM-1 illustrates the schematic diagram of misedsorption system. The
system mainly consisted of two parts, including &img reactor for AsH(Q)
production and a two-stage reactor for A& oxidation and arsenic vapors
adsorption. Firstly, the simulated flue gas wittHA&) was prepared as stated before.
The flue gas was heated at 973 K in the first sti#gbe two-stage reactor. After the
oxidation of AsH(g), the simulated flue gas was measured, compgri&tv/v% N, 6
viv% O, and 8 v/iv% HO(g) and 200ppm A®s(g). In the case of observing the
effects of acid gases on the arsenic adsorptian,S® or HCI was input into the
reactor and the concentration was kept at 2000phb@0ppm, respectively.

Secondly, the simulated flue gas was sent to thenskstage of the two-stage
reactor and the adsorption of arsenic vapors wadumed at temperatures ranging
from 573 to 1323 K. Before arsenic adsorption, dage amount ofy-Al,O; was
placed in the sorbent holder and was preheatdteifiue gas without A©s(g). Then,
the hydride generator was operated and the arsepors were present in the
simulated flue gas. The reactions betweeAl,O; and the simulated flue gas
compositions were taken place in the sorbent hodahelr the details of the sorbent
holder were explained elsewhere (Chen et al., 2015)

Finally, the reacted alumina after adsorption wasled to the room temperature
in the arsenic free flue gas, after which the potslwere collected for the subsequent

analysis. The observation of arsenic sorption aapdor high-temperature treated
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alumina as well as regenerated alumina was caotieth the same way as for the raw
v-Al03.
2.3 Regeneration of spent alumina

The regeneration of spent alumina was tried bygusio methods in this study.
On one hand, the adsorbed arsenic was removed tlienspent alumina through
thermal treatment in arsenic-free atmosphere. pleatsalumina products obtained at
low temperatures from 573 to 1023 K were tested¢chvivere sent to heat at 1173 K
for 10 min in N or air atmosphere.

On the other hand, the regeneration of the spamhinh was carried out by
immersing the used sorbents in diluted NaOH satuib298 and 348 K, respectively.
The regenerated alumina was washed by deionizedrvaaid dried at 378 K. The
performance of the NaOH-treated alumina for arseapture was tested at 573 K for
7 cycles.

2.4 Analytical methods

The adsorbed arsenic in the reacted alumina wafddaout by 20 v/v% HCI
solution and determined by atomic fluorescence tspemopy (AFS). Besides, the
speciation of the adsorbed arsenic was measuraasiog AFS coupled with high
performance liquid chromatography (HPLC). Before #ipeciation detection, arsenic
should be also transformed into solution by using @ol/L phosphoric acid as
leaching solution. The leached various forms oémics (arsenite (A%) and arsenate
(As")) were separated in the analytical column (Hamil®BRP-X100) and the

concentration of each species of arsenic was detedrby AFS. Each experiment
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was repeated for several times to make sure thdtsdselievable. To compare the
arsenic adsorption capacity in the flue gas wittl athout acid gases, a difference
ratio (3) was defined and calculated as Ep. (1).
m2 —ml
B =——1—x100% (1)

where, m1 means arsenic capture capacity in tieegs without S@HCI, mg/g
sorbent, m2 means arsenic capture capacity in Ithee gas with S@HCI, mg/g
sorbent.

The properties of the activated alumina before afitel arsenic adsorption were
comparatively observed. X-ray powder diffractionRD¥, X'Pert PRO, PANalytical
B.V.) was applied to analyze the crystalline stuetchange of the alumina. The
measurement of BET specific surface area was coedugia N isothermal
adsorption (Micromeritics ASPS 2020).

3. Resultsand Discussion
3.1 Effects of acid gases on the ar senic adsor ption by y-Al,O3

Fig. 1 presents the arsenic adsorptiory48\,0;3 in the flue gas with and without
SO, at a retention time of 5 min. The results showeat ¥-Al,O; showed good
resistance to S{at each temperature from 573 to 1323 K. Compaidd@aO (Chen
et al., 2015), the presence of SO the simulated flue gas had little impact on the
arsenic capture by-Al,Os. It might be attributed to the large surface aregAl,Os.
v-Al,03 could offer enough active sites for the adsorpfammboth AsO; and SQ in

the short reaction time.

To further confirm the suspicion;Al O3 was exposed in the arsenic-containing
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flue gas for longer retention time. The differema#ios (as defined in section 2.2)
regarding the arsenic adsorption at the absenpeesence of SOwere displayed in
Fig. 2. The presence of $Q@Qenerally had a negative effect on the arsenioratien,
which became remarkable with the retention timeedasing from 5 to 90 min. It was
probable that the adsorption of both,@s and SQ was taken place in the same active
site ofy-Al,O3. The active sites were gradually occupied in tmgitime adsorption
process. The lack of active sites leaded to thepetitive adsorption of A©; and
SO, overy-Al,0s. As a result, the adsorption capacity of arseras weduced. Even
s0,7-Al,0O3 had much better resistance to,3an CaO.

Similarly, the effect of HCI on the arsenic adsmmptovery-Al,O3; was observed.
The experiments were performed in 5 min and theltegshown in Fig. SM-2)
compared the effect of HCl on CaO andl,0; for the adsorption of arsenic. From
the results, arsenic capture by CaO was stronfggtatd by HCI while the capture of
arsenic byy-Al,O; was slightly affected. Moreover, the effect of HEhowed
different tendencies at various temperatures foth b6aO andy-Al,Os. The
adsorption of HCI by CaO was mainly through thensiserption (Tongamp et al.,
2009) which was enhanced with the temperature asong from 573 K to 1023 K.
Therefore, the adsorption of arsenic by CaO wastlyresuppressed at 1023 K.
However, the presence of HCI had little impact werepositive effect on the arsenic
adsorption by CaO at higher temperatures. It waehyiobserved that CaO patrticles
were easily sintered at high temperatures (Liulgt2®10; Hu et al.,, 2013). The

surface characteristics of the sintering CaO pagienight be improved under the
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influence of HCI, increasing the capture capacitZaO (Wu et al., 2014). In contrast,
the adsorption of HCI on the surface y6Al,O; was mainly through the physical
adsorption (Vigue et al., 1998), which was effeetat 573 K. The acidity of HCI| was
stronger than that of SGnd the adsorption of HCI on the surfacey-#l,0; is not
conductive to the capture of arsenic. Nevertheldgs physical sorption of HCI was
inhibited at high temperatures and the effect ofl HEcame progressively smaller
with the increase of the adsorption temperatures.

On the other hand, an interesting phenomena wasdfouFig. 1. Unlike CaO,
the capacity ofy-Al,O; for the arsenic adsorption was almost the same at
temperatures from 573 to 1023 K. It was attracéigpecially for the effective arsenic
capture at low temperatures. However, arsenic ptlearwas partly suppressed at
1173 and 1323 K and the similar phenomena wasfalsw for the arsenic capture by
CaO (Chen et al., 2015). Compared with CaO, arsemiture byy-Al,O; was less
affected at high temperatures and the mechanisks&¥;(g) adsorption ovey-Al,03
should be further addressed.

3.2 Mechanism of As,O3(g) adsor ption over y-Al,O3

Fig. 3 depicts the arsenic adsorption capacity gu&l,O3 at various retention
time as a function of temperature. From the resthts increase of retention time had
few effect on the arsenic adsorption at temperatbetween 573 K and 1023 K.
However, arsenic adsorption at higher temperatwas strongly affected by the
retention time. The adsorption capacity was rentadykdecreased at 1173 and 1323 K
with the increasing of the retention time from 1nm® 10 min. The inhabitation of
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arsenic adsorption at high temperature was futbafirmed by determining arsenic
adsorption over thermally treated ;8 (shown in Table SM-1). The adsorption
capacity was sharply decreased after heatin@Afor 10 min and longer time. In

contrast, the adsorption capacity was hardly affibetheny-Al,O3; was heated at 573

K and 873 K even for 60 min (not shown here).

Generally,y-Al,O3 is one kind of the metastable “transition” alumsteuctural
polymorphs which is unstable during high tempematweatment (Busca, 2014). As
shown in Table SM-2, the specific surface aregAf,03 particles was reduced in the
high temperature adsorption process. In detail, ééanges in the specific surface
area were found as AD; heated at 1023 K. However, large decrease in fapeci
surface area was observed for samples as the éidsotpmperature was raised to
1173 and 1323 K. On the other hand, the chemicatg@lof the AO; was changed at
these high temperatures. Fig. SM-3 shows the XRizpe of the alumina heated at
1273 K as a function of heating time. The preseasfagew diffraction peaks (such as
at 2 values of 31.8 and 32.9) revealed that AD3; was structurally rearranged in the
high temperature adsorption process. Specificalhpl.O; was transformed to
8-Al,03 in the heating process as supported by previaudiest (Kwak et al., 2011).
Based on preliminary analysis, the inhabitation askenic adsorption at high
temperatures was attributed to the change of tlgeigdl characteristics as well as the
crystal structure of ADs. The decrease of specific surface area might leagw
active sites available for the adsorption of arseAnd the structural rearrangements
of y-Al,O3 was supposed to change the adsorption sitesdeniat

11
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To clarify the pathway for arsenic adsorption oyl O3, detailed studies were
carried out to identify the speciation of the captuarsenic (from the flue gas with
and without S@). The distribution of A% fraction in the reaction products were listed
in Table 1 and the rest of arsenic was in the fofrAs®". Arsenic was predominantly
in the form of AS* in the reaction products obtained at temperatfioes 573 K to
873 K. Increasing of the adsorption temperaturerfed arsenic capture in the form of
arsenates (A%). The presence of San the flue gas slightly affected the pathway for
arsenic adsorption over Ab;, which tended to facilitate arsenic distributionthe
form of AS™,

Like the adsorption of SO(Zhao et al., 2012), arsenic adsorption could take
place at different active sites oweAl,O3 by forming various adsorbed species. Fig.
SM-4 gives several possible model of adsorbed arsgrecies. At low temperature
like 573 K, the interactions of-Al,O3 and moisture resulted in the formation of
hydroxyl groups (*OH). Then arsenic vapors couldabdsorbed on these groups by
forming physically adsorbed species (Fig. SM-4(&eanwhile, arsenic could be
captured to form weakly chemisorbed species (Fdr4%0)). Increasing temperature
enhanced the strongly chemisorption of arsenic othe form of A" and AS"* (Fig.
SM-4(c) and (d)), which probably had good therntab#ity. These speculations were
consistent with the results regarding the deteatiothe adsorbed arsenic’s stabilities
which were discussed in section 3.3.

3.3 Regeneration of spent y-Al,O3
As stated before, a large fraction of arsenic mightadsorbed through physical

12



248  adsorption at low temperatures in the form of'AsThe removal of physically
249  adsorbed species from sorbents was usually propbgedsing thermal treatment
250 method (Yang et al., 2014; Hamzehlouyan et al. 620Based on this, the removal of
251 arsenic from the reacted A&); was conducted at 1173 K in arsenic-free atmosphere
252 (air and N, respectively). Both of the removal efficiencyasbenic and the speciation
253  of the remained arsenic was observed. As shownign4; the removal efficiency
254  differed in the products obtained at various adsomptemperatures. More arsenic
255  was released from the reacted@d obtained at low temperatures like 573 and 723 K.
256  Arsenic adsorbed at high temperatures was difftcutelease. Compared with arsenic
257 removal in N, more arsenic was stabilized in thex®@{d by forming AS* under air
258  atmosphere.

259 The discrepancy in thermal stability of the capduaesenic further confirmed the
260 presence of various species of the adsorbed arsgaicALOs;. The high fraction of
261 released arsenic for products obtained at 573 K8 K suggested that arsenic
262  adsorption was mainly through physically adsorptaord weakly chemisorption at
263 low temperature. The Asin the products obtained at high temperaturesasagned
264  to the strongly chemisorbed Eswhich could be well stabilized even heated at 1173
265 K. The strongly chemisorbed Asgenerally stable at the experimental temperatsire a
266 evident from the large fraction of remained arsémithe form of As".

267 Considering the poor removal efficiency of captuadenic during thermal
268 treatment, the regeneration of spei#l,O3 was tried through the leaching process of
269  NaOH solution. After regeneration, titeAl,O3 was exposed in the simulated flue gas
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for the adsorption of arsenic at 573 K for sevemycles. The results in Fig. 5
indicated that the regenerationyaf\l ,O3 was effectively conducted by using alkaline
solution leaching. In contrast, operation at 348hH¢6wed a better performance than
that at 298 K in the subsequent cycling experiments

The regeneration temperature could affect the etxtra of arsenic from the
reactedy-Al,Osz. As shown in Table 2, regeneration at 348 K caukintain a high
extraction fraction of arsenic. Less arsenic wasaeked at 298 K and the extraction
fraction was further decreased with the increasihgegeneration cycles. As a result,
more arsenic was remained in the regenergt@bO3; and less active sites were left
for the adsorption of arsenic. The regeneratior348 K enhanced the interaction
between NaOH solution andAl,Os, promoting the arsenic extraction. The similar
phenomena was found for the regeneration of speagnetic nanomaterials for
arsenic removal from liquids (Zhang et al., 20H)wever, the regeneration by using
NaOH solution probably increased the surface bsisés ofy-Al,Os, which might
reduce the resistance to acid gases. It's essdntiabmprehensively evaluate the
properties of the regenerated\l ,O3; by using alkaline solution.
4. Conclusions

The mechanism were illuminated regarding the acsadsorption ovey-Al,0;
in the simulated flue gas containing acid gaged.,O; showed good performance for
the adsorption of arsenic at a wide temperaturgadrom 573 to 1023 K which was
hardly affected at the presence of acid gasescertain retention time. However, in
the long-time adsorption process, acid gases cadpeith arsenic vapors to react
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with y-Al,O3, suppressing the adsorption of arsenic. The hegiperature adsorption
was also not conductive for the arsenic adsorptioe to the damage of the pore
structure as well as the rearrangement of thealrgstucture of-Al,0s.

The adsorption of arsenic ovetAl,O3 was a complicated process with arsenic
adsorbed at various active siteg/#Al,03. The formation of different arsenic species
was confirmed which showed various thermal stabifMthough the arsenic capacity
was almost the same as adsorption conducted aetatapes from 573 to 1023 K, the
increasing of adsorption temperature enhanced rdeni@ transformation into more
stable chemisorbed Asand AS*. Moreover, the spent-Al,O; was successfully
regenerated through the leaching process by NaQii@n The regeneratedAl ;03
at 348 K showed good performance for the arsensoration for reclycling for 7
times.
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Table 1 Distribution of As** fraction (%) in the reaction products obtained from the

simulated flue gas with and without SO,

Flue gas characteristic 573K 723K 873K 1023K 1173K 1323K

Without SO, 100 87.21 83.62 47.48 194 0

Within SO, 93.0 94.47 91.47 58.26 19.5 3.65




Table 2 Extraction fraction (%) of arsenic from the reaction products after multiple

cycles of adsorption

Extracting Number of cycle
temperature 1 2 3 4 5 6
298 K 63.4 45.7 35.3 28.1 254 22.3

348K 87.6 90.1 85.2 83.9 85.3 81.1




Figure captions

Fig. 1. Arsenic adsorption capacity by alumina in the flue gas with/without SO, at
temperatures from 573 to 1323 K

Fig. 2. The difference ratio of arsenic capture in the simulated flue gas with/without
SO, at various retention time

Fig. 3. Arsenic adsorption capacity by alumina at temperatures from 573 to 1323 K
Fig. 4. Arsenic distribution in the reaction products after thermal treatment at 1173 K
(Left column for treatment in air and right column for treatment in Ny)

Fig.5. Multiple cycles of arsenic adsorption by alumina regenerated at various

temperatures



3
=
N

{ CJwithoutsO, [ With 2000ppm SO,

As adsorption capacity, mg/g Al,O
T

ERENNNERREEENG,

HENENERRREEEL;

I I I I
573 723 873 1023 1173 1323
Adsorption temperature/K

Fig. 1. Arsenic adsorption capacity by alumina in the flue gas with/without SO, at

temperatures from 573 to 1323 K
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Highlights

As capture by y-Al,O3 was effective at a wide temperature range from 573 to

1023 K.

v-Al,0O3 showed good resistance to acid gases in the process for arsenic

adsorption.
Aswas adsorbed at different active sitesin y-Al,O3 by forming various species.
As capture was inhibited by the change of y-Al,Og3 structure at high temperatures.

The regeneration of spent y-Al,O3 could be well performed using NaOH solution.



