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Nomenclature

Aout
Ain

[kea]s
[kealg
[kLa]q
ka
k2

Qe

mass of the tested sample, g

total flow rate of the reactant gas, ml/min
capture time of Hg®, min

HgP capture capacity, xg/g

Hg° removal efficiency

outlet concentration of Hg®, xg/m?

inlet concentration of Hg®, ug/m?®

potential mass transfer index, mg/g
adsorbate-adsorbent affinity parameter, gxh/mg
external mass transfer factor, h

global mass transfer factor, h

internal mass transfer factor, ht
pseudo-first-order rate constant, min
pseudo-second-order rate constant, min
equilibrium HgP capture capacity, xg/g
intraparticle diffusion coefficient, xg/(g*min*?)
constant related to the boundary conditions, ug/g
initial adsorption rate constant, xg/(g*min*?)

desorption rate constant, g/ug




Abstract

This study explored the impacts of the synthesis methods on the Hg® elimination
ability of CrOx adsorbents. In the sample series, the adsorbent prepared using the
sol-gel method (labeled as Cr(S)) presented the best HgP capture performance; its Hg®
removal efficiency stayed above 88% at 150 and 200 °C and even rose to ~97% at 250
°C in the entire 5-hour HgP capture process. The presence of bountiful surface acid
sites aided the sufficient adsorption of Hg® and an enhancement in the oxidizability
primarily accelerated the subsequent Hg® oxidation step, which constituted the central
reason for the satisfactory Hg® capture capability of Cr(S). The Mars-Maessen
mechanism assisted in understanding the Hg® capture process over Cr(S), in which
chemisorption was dominant with Cr®* and O serving as the active sites and HgO
formed as the final oxidation product.

Keywords: CrOx, preparation methods, acid sites, oxidizability, Hg® elimination

ability.



1. Introduction

Mercury, one of the typical heavy metals in exhausted gas, has gained
considerable attention throughout the world owing to this species' high toxicity and
bioaccumulation [1]. The agreement of Minamata Convention on Mercury means that
global efforts must be made to reduce the emission of mercury so as to protect the
environment and human health [2]. It is understood that mercury in exhausted flue gas
always appears as oxidized mercury (Hg?"), particulate-bound mercury (HgP), and
elemental mercury (HgP) [3]. Despite the comparably high removal efficiency of the
former two species by the existing wet flue gas desulfurization (WFGD) systems and
dust control devices, the capture of Hg® is still the main barrier to the effective
reduction of mercury emission because of its low solubility and high volatility [4].

Thanks to its satisfactory Hg® elimination efficiency and low operation cost, the
adsorbent injection technique is gaining increasing popularity in engineering. As a
predominant issue, designing an adsorbent with superior reactivity primarily
contributes to the high Hg® removal efficiency of the entire system [5, 6]. In light of
the fact that the HgP capture process is a dual-site reaction, combining a novel acidity
and a strong oxidizablity could ensure the sufficient adsorption and oxidation of Hg°,
thereby allowing a relatively high Hg® capture capacity obtained [7].

CrOx, which is famous for its extraordinarily strong acidity and abundance of
reactive surface oxygen vacancies, appears to be suitable for Hg® removal [8]. Given
that CrOx was used as a dopant or directly taken as an adsorbent, the material was
found to be active for Hg® capture. Moreover, a relatively high stability under acidic
or neutral conditions demonstrates that CrOx can almost be regarded as an
environmental-benign material [7]. These findings confirm that with proper
modification, CrOx would present certain potential for Hg® elimination in practical
engineering cases.

It is understood that the preparation method is a predominant factor to influence

the adsorbent physico-chemical features [9]. This is because different chemicals and



experimental conditions used would cause the variations in the crystal growth and the
active species' contents, distributions and existing forms [10]. That is to say, by
selecting the appropriate synthesis method, it seems that the previously indicated
qualities of the adsorbent can be optimized so that its maximum Hg° removal ability
can be ultimately achieved. In this study, CrOx adsorbents were synthesized using the
conventional precipitation, sol-gel, and hydrothermal methods. The related samples
are successively labeled as Cr(P), Cr(S), and Cr(H). With their Hg® elimination ability
evaluated, some characterizations including transmission electron microscope (TEM),
X-ray diffraction (XRD), Nz adsorption, Raman, NHs-temperature programmed
desorption (NHs-TPD), Ha-temperature programmed reduction (H2-TPR), X-ray
photoelectron spectroscopy (XPS), and Hg°-temperature programmed desorption
(Hg®-TPD) were conducted to discover the mechanistic aspects of the adsorbents,

along with their structural and chemical qualities.

2. Experimental

2.1 Adsorbent synthesis

Cr(S): Cr(NOs3)3-9H20 was used as the precursor and citric acid was selected as
the capping ligand. Cr(NOs)3-9H20 and citric acid at molar ratio of 1/2 were
dissolved in deionized water. The resultant dark-green solution was aged at 80 °C
under the atmosphere of air in an oven. 16 h later, the obtained power was annealed at
500 °C in air for 5 h.

Cr(P): Cr(NOs)3-9H20, the precursor, was dissolved in deionized water to form
transparent solution, which was subsequently dropwise added into 30 ml diluted
ammonia solution (wt: 12.5~14%). After filtration, the paste was rinsed with 500 mL
deionized water five times. At last, the resulted product was dried at 80 °C in air for
16 h and annealed at 500 °C for 5 h.

Cr(H): 20 mL 1mol/L chromic nitrate solution was mixed with 50 mL 2 mol/L

sodium hydroxide solution. After the hydrothermal process at 80 °C for 9 hours, the



cyan-colored product was rinsed with diluted acetic acid solution (pH=5) and
deionzed water several times until the pH value of the supernatant reaches 7. In the
end, the greenish paste was dried at 80 °C in air for 16 h and annealed at 500 °C for 5
h.

2.2 Adsorbent testing

A fixed-bed micro-reactor was employed to test the adsorbent Hg® removal
performance in accordance with our previous studies [7]. Hg® vapor was generated
through a mercury permeation tube immersed in a water bath at 35 °C. The
composition of the reactant gas (400 mL/min) was 200 pg/m?® + 5% O2 + balance Na.
In each test, 0.1 g sample was used. Hg? signal was monitored on an online mercury
analyzer (RA-915M, LUMEX Ltd., Russia). Hg® capture capacity and Hg® removal
efficiency were selected to evaluate the Hg® elimination ability of the adsorbent,

which can be determined as follows:

t2

1
q= M (Ain - Aout) Fdt (1)
t1

A — A
n=100%><”‘A—°”t )
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2.3 Adsorbent characterization

XRD, N2 adsorption, TEM, and Raman techniques were employed to
characterize the textural features of the adsorbents. NHs-TPD, H2-TPD, and XPS
characterizations were carried out to investigate the adsorbent acid and redox qualities.
Hg®-TPD experiment was conducted to uncover the final product of the Hg® capture
process so that the corresponding mechanisms could be illustrated. The detailed

information on these characterizations are presented in the Supporting Information.



3. Results and discussions

3.1 HgP capture ability

Fig. 1 depicts the Hg® capture ability of the three investigated samples. It can be
seen that an ongoing reaction process always leads to the increase in the outlet
concentration of HgP. In the sample series, Cr(S) has a rather strong ability to capture
HgP; the related Hg® removal efficiency after 5 hours stays above 88% at 150, 200,
and 250 °C. Notably, as the reaction temperature is raised, an enhancement in the Hg®
elimination performance of Cr(S) takes place; at 250 °C, ~97% Hg° removal
efficiency is reached during the 5-hour test period. As is presented in Table S1,
substantial parts of the reported adsorbents are just proven to be active in the flue gas
with a relatively low Hg® concentration (tens of g m). Considering the variable flue
gas conditions in industrial sources, whether or not Hg® can also be effectively
captured from the flue gas with an elevated Hg® content (hundreds of g m™) is still
unclear. But such knowledge is crucial to the practical application of the adsorbents.
In our case, it appears that this issue can be somehow addressed.

Similar phenomenon can be observed for Cr(H) that the increase of the
temperature boosts the proceeding of the Hg® capture reaction. Instead, with rising the
temperature, the Hg® capture ability of Cr(P) exhibits a trend of decline. Moreover,
HgP removal efficiency of Cr(H) after 5 hours outstrips that of Cr(P) at 200 °C; further
rising the temperature to 250 °C, the gap of the Hg® removal efficiency between Cr(H)
and Cr(P) becomes great. This should be ascribed to the variations in the structural
and chemical features of these three samples, which would be illustrated using some

characterizations, including XRD, Raman, and so on.
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Fig. 1 HgP breakthrough profiles of the serial samples: (a) 150 °C, (b) 200 °C, and (c) 250 °C.

3.2 Structural and textural features

TEM images shows the micro-features of the three Cr oxides (Fig. 2). In the case
of the sample prepared using the sol-gel method, only irregular particles with the size
of ~10 nm can be observed. While for the other two samples, it appears that the
diameter of the irregular particles rises, which is indicative of an increase in the
adsorbent crystallinity and grain size [7]. That would lead to the different structural

and chemical qualities of the adsorbents, thus varying their Hg® elimination abilities.
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Fig. 2 TEM images of (a) Cr(S), (b) Cr(P), and (c) Cr(H).

The wide-angle XRD profiles of Cr(S), Cr(P), and Cr(H) are illustrated in Fig.
3(a). For each sample, only the peaks identical to those of Cr.Os phase are present.
Compared with Cr(S), an increase in the peak intensity seems to take place for the
other two samples. This phenomenon means that by employing the sol-gel method,
the growth of the crystals might be somehow interfered, which would allow the
adsorbent grain size to decrease and its specific surface area to potentially increase.
The local structures of the adsorbent series were further investigated using Raman
spectroscopy with the corresponding spectra presented in Fig. 3(b). The intense peak
at ~551 cm™ is identified as the metal-oxygen vibration of distorted octahedrally
coordinated Cr species in crystalline Cr20s [11]. And the attribution of the other bands
is summarized as follows. 309 and 353 cm™: §(CrOa4)/(Cr'Oz); 606 cm™: vs(Cr'OCr");
702 cm™: vas(Cr'OCr"); 824 cm™: vs(OCr'0O); 992 cm?: vs(Cr'02); 1014 cm™:
polymeric chromic species [11-13]. The presence of various chromic species reveals
the fact that some defects might exist in these three samples, which would thus permit

the appearance of Cr atoms with multi-oxidation numbers.
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Fig. 3 (a) XRD patterns and (b) Raman spectra of Cr(S), Cr(P), and Cr(H).



N2 adsorption-desorption isotherms of the serial CrOx adsorbents are shown in
Fig. 4(a). On the basis of the IUPAC classification, the isotherms of all the samples
resembled closely with type 1V isotherms [14]. In the case of Cr(P), the hysteresis
loop presents typical Hz type, which can be explained by the presence of the
ink-bottle-shaped pore structure. In contrast, the isotherms of the other two samples in
the high relative pressure range shift to H3 type, demonstrating the appearance of the
slit-like pore structure. Fig. 4(b) clarifies the profiles of the adsorbent pore size
distributions. For Cr(S), a sharp peak appears at ca. 18 nm, indicating a rather narrow
pore size distribution. Instead, a comparably broad pore size distribution is obtained
for Cr(P) and Cr(H). Data related to the adsorbent surface area, average pore diameter,
and total pore volume are summarized in Table 1. In the sample series, Cr(S) exhibits
the highest specific surface area, meaning that an increased number of active sites can
be involved in Hg® elimination. That in part explains the best Hg® capture ability of

Cr(S).
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Fig. 4 (a) N, adsorption-desorption isotherms and (b) pore size distributions of the samples series.
Table 1 N adsorption data of the samples series.

Surface area Pore size Pore Volume
Samples
(m?/g) (nm) (cm®/g)
Cr(S) 57 15.0 0.28
Cr(P) 29 34.8 0.30

Cr(H) 32 20.1 0.22




3.3 Acid and redox properties

It is understood that Hg® is a basic molecule that has a great affinity to the
adsorbent surface acid sites [15]. Therefore, the acid property appears to significantly
affect the Hg® capture ability of an adsorbent. In order to clarify this feature,
NHs-TPD was conducted. Through curve-fitting, four sub-peaks are obtained with the
temperature rising (Fig. 5(a)). Based on the literature, these four peaks can be
successively identified as the physisorbed NH3 and NHs linked to the weak, medium,
and strong acid sites [16]. With calculating the adsorption quantity of NHs on these
three types of acid sites (Fig. 5b), it can be estimated that the sample synthesized
using the sol-gel method possesses the largest number of surface acid sites, which
could assure the sufficient adsorption of Hg® and subsequently lead to the potentially

elevated Hg® elimination performance.
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Fig. 5 (a) NHs-TPD profile and (b) NH3 adsorption quantity of the serial samples.

Fig. 6(a) shows the H2-TPR profiles of the investigated adsorbents. According to
the literature, the peaks with the temperature lower than 280 °C are closely related to
the reduction of Cr®* and surface capped oxygen species, which, in our previous study,
were proven to be active in Hg® elimination reactions [7]. Thus, we calculated the
areas of the peaks regarding to the reduction of these two species so as to estimate the
amount of active species that can participate in Hg® capture. As is shown in Fig. 6(b),
the quantity of Cr®* and surface capped oxygen species follows the order of Cr(S) >
Cr (P) > Cr(H), which partially contributes to the superior Hg® capture ability of Cr(S)

in this sample series.
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Fig. 6 H>-TPR results of the sample series: (a) Ho-TPR profiles and (b) integrated area of zone 1.

Cr and O atom information of the serial adsorbents were determined via utilizing
the XPS technique. As is presented in Fig. 7(a), sub-peaks at ~578.4, 576.2, and 575.2
eV can be successfully identified as Cr®*, Cr*, and Cr?* [8]. This result reveals that Cr
cations in multi-valance states are present in these three samples, which is somehow
in accordance with the Raman spectra in Fig. 3(b). Meanwhile, the curve-fitting of the
O 1s spectra indicates the presence of various oxygen species. The appearance of
lattice oxygen (Op) and chemisorbed oxygen (O.) gives rise to the sub-peaks at
~531.1 and 529.8 eV, respectively (Fig. 7(b)) [17]. The relative contents of Cr®* and
O. species are estimated on the basis of the corresponding spectra and follow the
order of Cr(S) > Cr(P) > Cr(H) (Table 2), which, to some extent, is consistent with the
H2-TPR spectra in Fig. 6 that Cr(S) has a comparably strong oxidative ability and in

part explains its best Hg® elimination performance.
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Fig. 7 XPS spectra: (a) Cr 2p and (b) O 1s.



Table 2 XPS data of Cr(H), Cr(S), and Cr(P).

Sample Cr* (%) Ou (%)
Cr(S) 35.1 31.0
Cr(H) 26.4 21.7
Cr(P) 30.3 26.3

3.4 Mechanisms

On the basis of the afore-mentioned results, selecting the Cr(S) sample to study
the Hg® capture mechanisms seems to be reasonable owing to its best Hg® elimination
ability in the adsorbent series. Moreover, this result can assist in digging out the
predominant factors in the Hg® capture cycles and hence achieving the goal of the
practical applications of the adsorbents.

According to the literature, the mass-transfer process, which consists of an
external mass transfer, an internal mass transfer and a global mass transfer, is believed
to be a crucial step in the Hg® removal reactions because of its considerable impacts
on the Hg® removal efficiency of an adsorbent. The following four equations can

depict these three stages [18]:

Ain
In ( Aout) = [kyal, x t @3)
[kpal; = [kya]y x e”?*@ 4)
[kalq = [kraly — [kLalf )
In(q) =B + % x In(t) (6)

Given the linear fitting of the experimental data, it appears reasonable to employ
the B and b parameters to reflect the mass transfer potential during Hg° elimination
and the affinity between Hg®-adsorbent (Fig. 8(a) and Table S2). In the initial 120 min,
the absolute values of [kia]s, [kLa]d, and [kLa]g drop sharply (Fig. 8(b), (c), and (d)).
As the Hg° capture process goes on, negligible changes of these three parameters are
presented, demonstrating that the mass-transfer process just play certain roles in the

initial Hg® capture stage.
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Fig. 8 (a) Linear-fitting analysis, (b) [K.als, (c) [k.alg, and (d) [kia]q profiles.
HgP capture kinetics of the adsorbents were depicted through the curving-fitting

of the pseudo-first order (eq. (7)), Webber-Morris (eq. (9)), pseudo-second order (eq.
(8)), and Elovich (eg. (10)) models to the experimental data [19]. As is illustrated in
Fig. 9, adsorbent accumulative Hg® capture capacity increases almost linearly as the
reaction process goes on. The correlation coefficient (R?) in Table 3 demonstrates the
fact that the Hg® elimination process over Cr(S) adsorbent can be well explained by
the pseudo-first order, pseudo-second order, and Elovich models; chemisorption is
dominant in the entire Hg® removal process, in which the initial capture process hold
crucial roles to play [20, 21]. This result, to some extent, is in accordance with the

conclusions arrived at in Fig. 8.
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Fig. 9 Kinetic study of HgP capture over Cr(S): (a) pseudo-first-order model, (b) pseudo-second-order

model, (c) Webber-Morris model, and (d) Elovich model.
Table 3 Correlation coefficient (R?) of curve-fitting.

Temperature Correlation coefficient (R?)

(°C) Pseudo-first-order Pseudo-second-order Weber-Morris  Elovich
150 °C 0.99999 0.99999 0.97693 0.99999
200 °C 0.99997 0.99997 0.97573 0.99997
250°C 1

1 0.97320 1

Variations in the surface atom valence states of the adsorbents after the exposure

in Hg-containing flue gas were explored using the XPS method so that the possible
Hg® capture mechanisms can be summarized. In comparison with fresh Cr(S), it
appears that the contents of Cr®* and O, exhibit a trend of decline (Fig. 10(a), (b) and
Table 4), revealing the fact that the Hg® elimination process proceeds on Cr®* and O.

sites. And on the basis of the Hg 4f spectra and the Hg’-TPD profile in Fig. 10(c), it



can be estimated that the main form of the captured mercury species is HgO [22, 23].
Consequently, the Mars-Maessen mechanism seems to be able to explain the Hg°

elimination pathway over Cr(S). The serial elementary reactions are shown below:

0 0
Hg"(g) » Hg"(ads) (11)
Hg°(ads) + Cr0, » Hg — 0 = Cr0,_, (12)
Hg — 0 = Cr0,_, » HgO(ads) + CrO,_, (13)
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Fig. 10 XPS spectra of fresh and spent samples: (a) Cr 2p, (b) O 1s, (c) Hg 4f, and Hg®-TPD profile

(inset).
Table 4 XPS data of fresh and spent samples.
Sample Cr* (%) Ou (%)
Cr(S)-fresh 35.1 31.0

Cr(S)-spent 20.2 23.7




3.5 Discussions

According to the Hg® capture mechanisms, it appears that the acidity quality
holds a crucial role to play in the adsorbent Hg® removal efficiency, for the adsorption
of HgP onto the surface acid sites constitutes the first step. Based on the NHz-TPD
results in Fig. 5, it can be seen that numerous acid sites are present on the surface of
Cr(S), which allows the efficient adsorption of Hg® and thus supplies enough reactant
for the subsequent oxidation step, in which adsorbent redox properties are mainly
involved. H2-TPR results in Fig. 6 and XPS data in Fig. 7 demonstrate that the
presence of bountiful Cr®* and surface capped oxygen, the highly reactive species, can
be responsible for the accelerated oxidation of the adsorbed Hg®. Notably, the
optimized textural feature might be beneficial for the diffusion of the reactant, which
consequently contributes to a high Hg® removal efficiency of Cr(S) at 150 °C . For
Cr(P), even if just limited amount of acid sites can be utilized to adsorb Hg°, yet a
rather high content of Cr®" and surface capped oxygen would ensure the efficient
oxidation of the adsorbed Hg®. In other words, a comparably strong oxidizability can
somehow overcome the drawbacks of the lower acidity, thus causing an increased
amount of Hg® captured on Cr(P) compared to Cr(H).

As the reaction temperature is raised to 200 °C or higher, the strong acid sites
seem to be the dominant sites for the adsorption of Hg®. For Cr(S) and Cr(H), even
though the number of acid sites participating in adsorbing Hg® decreases, yet the
presence of bountiful strong acid sites might still allow certain parts of Hg® adsorbed.
Moreover, the subsequent oxidation step of Hg® would be exponentially accelerated,
which still makes a considerable amount of HgP effectively captured on the adsorbent
surface as HgO [24, 25]. That is to say, the positive impact of the enhanced oxidation
of Hg® might overcome the problem of the weakened adsorption of Hg® with the
temperature ramped, hence leading to an enhancement in the Hg® elimination ability
of these two samples. In contrast, a relatively low number of strong acid sites are
present on Cr(P) surface, meaning that only a small portion of Hg® can be adsorbed.

Even though this sample has a high content of reactive Cr®" and surface capped



oxygen, yet the lack of reactant restrains the proceeding of the reaction, thereby
resulting in a weakened Hg? capture ability. In other words, the weak acidity might be
the predominant barrier to obtaining an increased high-temperature Hg® removal
efficiency for Cr(P).

Generally, the oxidizability primarily determines the Hg® elimination ability of an
adsorbent in a low temperature region while the acidity is closely related to the
adsorbent high-temperature Hg® removal efficiency. An enhancement in both of these
two features could simultaneously boost the adsorption and oxidation of HgP in the
whole temperature range. Then the operation temperature window of the adsorbents

would be broadened, facilitating an effective reduction of mercury emission.

4. Conclusions

In this study, we investigated the impacts of the synthesis methods on the Hg°
elimination ability of CrOx adsorbents. The following are the important conclusions
arrived at:

(1) Compared with the adsorbents prepared using the precipitation and
hydrothermal methods, Cr(S) exhibits a comparably satisfactory Hg® capture ability;
in the entire 5-hour HgC elimination cycle, its Hg® removal efficiency stays above 88%
at 150 and 200 °C and even rises to ~97% at 250 °C.

(2) Cr(S) exhibits a comparably strong acidity, which aids the adsorption of HgP.
Meanwhile, the presence of bountiful Cr®* and O., the reactive species, accelerates the
subsequent Hg® oxidation step. That primarily explains the best Hg® removal
performance of Cr(S).

(3) The Mars-Maessen mechanism is able to describe the Hg® capture pathways
over Cr(S), in which the chemisorption is predominant and the initial capture stage

holds a central role to play.
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1. Over 88% HgP removal efficiency is obtained for Cr(S) at 150, 200, and 250 °C.

2. The Mars-Maessen mechanism describes the HgP capture pathways over Cr(S).

3. The Hg° capture reaction primarily proceeds on Cr®* and Ou sites.

4. The enhanced acidity and oxidizability explain the best Hg® capture ability of
Cr(S).
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