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bstract

The aqueous phase oxidation of gaseous elemental mercury (Hg0) by potassium persulfate (K2S2O8, KPS) catalyzed by Ag+ and Cu2+ was
nvestigated using a glass bubble column reactor. Concentrations of gaseous Hg0 and aqueous Hg2+ were measured by cold vapor generation
tomic absorption spectrometry (CVAAS). The effects of several experimental parameters on the oxidation were studied; these include different
ypes of catalysts, pHs and concentrations of potassium persulfate, temperatures, Hg0 inlet concentrations and tertiary butanol (TBA). The results
howed that the removal efficiency of Hg0 increased with increasing concentration of potassium persulfate and catalysts Ag+, Cu2+ and Ag+

rovided better catalytic effect than Cu2+. For example, in the presence of 5.0 mmol l−1 KPS, the mercury removal efficiency could reach 75.4 and
7.0% for an Ag+ concentration of 0.1 and 0.3 mmol l−1, respectively, and 69.8 and 81.9% for 0.1 and 0.3 mmol l−1 Cu2+. On the other hand, high

emperature and the introduction of TBA negatively affect the oxidation. Furthermore, the removal efficiency of Hg0 was much greater in neutral
olution than in either acidic or alkaline solution. But the influence of pH was almost eliminated upon the addition of Ag+ and Cu2+, and high Hg0

nlet concentration also has positive impact on the removal efficiency of Hg0. The possible catalytic oxidation mechanism of gaseous mercury by
PS was also proposed.
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. Introduction

Mercury, a toxic agent present in trace amounts in coal and
ther potential fuels such as refuse-derived fuels and munic-
pal solid wastes, will be released when these materials are
urned. Lipfert et al. reported that methyl mercury level in edi-
le fish doubled near a 1000 MW power plant [1]. On March 15,
005, the US Environmental Protection Agency (EPA) issued the
lean Air Mercury Rule (CAMR) to permanently cap and reduce
ercury emissions from coal-fired power plants because of its

olatility, persistence and bioaccumulation as methyl mercury in
he environment and its neurological health impacts. Coal-fired
tility boilers are now identified as the largest source of mer-
ury in the United States [2,3], releasing approximately 50 tons
f mercury annually or about one-third of the total anthropogenic

mission. The concentration of mercury from coal-fired flue
ases was at the level of several tens of microgrammes per cubic
eter.

∗ Corresponding author. Tel.: +86 571 87951239; fax: +86 571 87952771.
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In China, coal now accounts for about 67% of the primary
nergy consumption and will continue to play an important role
n energy uses for a long time to come. The total amount of coal
onsumption is about 2.3 billion tons in 2006. Although there is
o direct evidence of health problems caused by Hg released
rom Chinese coals, a high Hg concentration in the atmosphere
rom coal combustion has been reported [4].

Hg0 is practically water insoluble and hence difficult to cap-
ure, however, Hg2+ is water-soluble and can be efficiently
emoved in wet scrubbers, which exhibit up to 90% removal
f Hg2+. So, it is necessary to use oxidizers to remove gaseous
g0 by transforming it into Hg2+. The standard potential of the

edox-pair Hg0/Hg2+ is 0.85 V. To achieve complete reaction, the
ver-potential should be 0.3–0.4 V. Therefore, the standard oxi-
izing potential of the oxidizers applied should at least be 1.2 V
5]. Some oxidizers meeting the above requirement include:
MnO4, K2S2O8, K2CrO7, H2O2, NaClO4, NaClO3 or Cl2

5–11]. The standard oxidizing potential of potassium persul-

ate (KPS) is 2.01 V, which is higher than that of potassium
ermanganate (1.7 V). The general catalysts found in the liter-
ture include copper and silver ions [11], manganese [11–13],
erium [11,14] and cobalt [12]. Liang et al. studied persulfate

mailto:xuxinhua@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.01.108
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xidation in situ remediation of trichloroethylene (TCE) cat-
lyzed by ferrous ion [15,16].

Currently, there is limited information on the possible mech-
nism of the reaction between Hg0 and potassium persulfate
n the literature. In this study, the feasibility of Hg0 absorp-
ion in potassium persulfate catalyzed by Ag+ and Cu2+ was
valuated in a bubble column reactor. This study was aimed
t determining the removal efficiency of Hg0 in solution under
ifferent conditions. Towards the end, the mechanism of the
eaction between Hg0 and potassium persulfate in the process
as also hypothesized. Recently, efforts are being taken to inves-

igate the reaction mechanism for homogeneous Hg0 oxidation
hrough a sequence of fundamental reactions, such as the method
f mercury removal from coal combustion by Fenton reactions
eveloped at the CANMET Energy Technology Centre for Hg
emoval from coal combustion, and so far, both bench- and pilot-
cale tests have been carried out to evaluate its effectiveness. So,
his technique also can be applied to oxidize Hg0 to Hg2+ from
he coal or waste incineration flue gas in practice.

. Experiments and methods

.1. Chemicals

Mercury permeation tube (USA VICI Metronics), potas-
ium persulfate (>99.5%, AR), hydroxylamine hydrochloride
>98.5%, AR), nitric acid (GR), hydrochloric acid (GR), sulfuric
cid (GR), sodium hydroxide (>98.0%, GR), stannous chloride
>98.0%, CP), stannum (>99.9%, AR), potassium permanganate
>99.5%, GR), potassium dichromate (>99.8%, GR), mercury
hloride (>99.0%, AR), silver nitrate (>99.8%, AR), anhydrous
odium carbonate (>99.8%, AR), sodium bicarbonate (>99.5%,
R), acetone (>99.5%, AR) and tertiary butanol (CP) were all
urchased from Shanghai Chemical Reagents Co., and used
ithout further purification.

.2. Batch experiment procedures

All batch experiments were performed in a 500 ml bubble col-

mn reactor equipped with a glass gas frit at the bottom (shown
n Fig. 1) with an available volume of 300 ml solution in a water
ath, which can change the reaction temperature. The top of the
eactor had two openings providing connections to a pipette for

ig. 1. Schematic diagram of the experimental apparatus. (1) N2, (2) rotameter,
3) U-tube, (4) mercury permeation tube, (5) water bath, (6) reactor, (7) gas
iffuser, (8) sample out, (9) impinger and (10) waste gas scrubber.
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eeding or sampling and for venting the gas. All connections
ncluding tubing and valves were composed of either Teflon
r glass without metals. The pipes between U-tube and reactor
ere packed with resistance coils to provide proper insulation

or temperature control.
The Hg generator was heated (both elemental and oxidized

g permeation tubes). The Hg generator was supplied from a
ermeation tube inside a glass U-tube, immersed in one water
ath (T1) at a pure nitrogen flow of 120 ml min−1. The total flow
G) was 1 l min−1 diluted by nitrogen, the inlet concentration
f Hg0 is 50–60 �g m−3. In each typical experiment, the tem-
erature of water baths was adjusted to the constant values, and
hen 250 ml water or other background solution was put into the
eactor being immersed in the other water bath (T2). Finally, a
g0/N2 gas mixture was passed over the solution in the reactor

nd the vent gas was scrubbed by acidic KMnO4. After about
h, the mixed gas was passed over 10% (v/v) H2SO4–4% (w/w)
MnO4 solution adopted by Environmental Protection Agency

EPA), 10 ml each, inside two impingers in series for 1 min. Then
he vent gas was switched to waste gas scrubber again. The pro-
ess was repeated three times at 10 min intervals. The average
alue was then recorded as the initial Hg0 concentration in the
nlet.

If these three values gave stable readings, the Hg0 oxida-
ive absorption experiments by K2S2O8 solution began. The

2S2O8 solution was sequentially injected into the reactor using
syringe with a slim Teflon tube. The outlet mercury was also

xtracted using the prepared KMnO4–H2SO4 solutions and the
utlet Hg concentration was analyzed by QM201B mercury
nalyzer.

The percent of Hg0 removal efficiency was determined by the
ollowing equation:

removal = 100 × Hg0
(inlet) − Hg0

(outlet)

Hg0
(inlet)

(1)

.3. Analytical methods

Liquid samples (after extracted from the prepared
MnO4–H2SO4 solutions) in two impingers were put into the

est tubes. Before analysis, several drops of hydroxylamine
ydrochloride were added into the test tubes until the solu-
ion color turned clear to reduce the extra KMnO4, and fix the
alue, after holding still for 10 min, 5 ml sample was then trans-
erred into a mercury detecting bottle, an accessory of QM201B
ercury analyzer (Qingan Instrument Co., Suzhou, China), and
ml 10% (w/w) SnCl2 solution was added in order to reduce
g2+ to Hg0, mercury vapor produced was supplied with a
2 carrier gas and flushed into atomic absorption spectrome-

ry.
The samples were periodically collected by glass syringes

t selected time intervals, filtered twice through 0.22 �m mem-
rane filters and then analyzed for sulfate using a Metrohm 792

asic Ion Chromatograph (IC) equipped with a Metrosep A
upp 4 column (250 mm × 4.0 mm), a Metrosep A Supp 4/5
uard column, and a conductivity detector. Sodium carbonate
2.0 mM) and sodium bicarbonate (1.0 mM) served as eluents.
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ig. 2. Effect of KPS addition on the Hg0 removal efficiency. pH 7, T1 = 50 ◦C,

2 = 55 ◦C, G = 1.0 l min−1.

nd pH value was measured with a digital pH meter (JENCO,
hanghai, China).

. Results and discussion

.1. Effect of K2S2O8 concentration

The mercury removal profiles with different initial potas-
ium persulfate concentration in the absence of any catalysts are
hown in Fig. 2. Evidently, Hg0 concentration at the reactor out-
et decreases sharply at the beginning, and then reaches a plateau
early as the reaction continues, probably due to the presence
f excess KPS. The highest reaction rate was found to correlate
ith the highest initial concentration of KPS. For instance, at the
eginning the removal efficiency of mercury reached 41.1 and
6.5% when the potassium persulfate concentrations were 1.0
nd 5.0 mmol l−1, after a reaction time of 210 min, the removal
ate of mercury reached 22.6 and 42.1%, respectively.

.2. Effect of Ag+ and Cu2+ concentration
As shown in Figs. 3 and 4, the addition of Cu2+ and
g+ accelerates dramatically the reaction rate and increases

he mercury removal efficiency due to the production of high

ig. 3. Effect of KPS concentrations on the Hg0 catalytic removal efficiency.
H 7, T1 = 50 ◦C, T2 = 55 ◦C, G = 1.0 l min−1 and Cu2+ = 0.5 mmol l−1.
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ig. 4. Effect of catalysts concentration on the Hg0 removal efficiency. pH 7,

1 = 50 ◦C, T2 = 55 ◦C, G = 1.0 l min−1 and CKPS = 5.0 mmol l−1.

eactive transition ions. When the Cu2+ concentration was
.5 mmol l−1, the removal efficiency of mercury reached 81.1,
3.8 and 93.9% with an initial KPS concentration of 1.0, 5.0 and
0.0 mmol l−1, respectively. In contrary, the mercury removal
fficiency reached only 41.1, 51.0 and 66.5% in the absence of
atalysts, respectively. Furthermore, Ag+ provided better cat-
lytic effect than Cu2+, the mercury removal efficiency could
each 75.4 and 97.0% corresponding to 0.1 and 0.3 mmol l−1

g+ for 5.0 mmol l−1 KPS, respectively, and just 69.8 and 81.9%
orresponding to 0.1 and 0.3 mmol l−1 Cu2+ at the beginning.
he results also show that 0.1 mmol l−1 AgNO3 is not enough to

emove mercury completely for 5.0 mmol l−1 KPS. The greater
he silver nitrate concentration is, the higher the mercury removal
ate was found in our study. This observation agrees very well
ith a report previously published by others, in which the reac-

ion rate was found to be proportional to the KPS concentration
nd to the AgNO3 concentration [11].

.3. Effect of initial pH value

Fig. 5 shows the influence of initial pH value on the Hg0

emoval. While initial pH was 7.0, the removal efficiency of
g0 reached nearly 60.4% at the beginning, followed by 37.2%

or 1 mol l−1 HNO3 solution (pH is about 0.1). While NaOH
oncentration was 0.1 mol l−1 (pH is about 13), Hg0 removal
fficiency was extremely low, and reached no more than 12.9%.
fter 40 min, the removal efficiency of Hg0 descended to 54.4,
0.8 and 5.5%, respectively. It was obvious that the presence
f both H+ and OH−, especially OH−, greatly weaken the Hg0

xidation when silver nitrite was absent.
The decomposition of S2O8

2− could be catalyzed by acid.
he reaction mechanism could be explained by the following

eactions [11]:

2O8
2− + H+ → HS2O8

− (2)

S2O8
− → SO4 + HSO4

− (3)
O4 → SO3 + (1/2)O2 (4)

O3 + H2O → H2SO4 (5)
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the reaction rate, but also restrain the reaction because of free
ig. 5. Effect of pH on the Hg0 removal efficiency. T1 = 50 ◦C,

KPS = 10.0 mmol l−1, T2 = 25 ◦C and G = 1.0 l min−1.

S2O8
2− also could be hydrolyzed and form H2O2 as follow-

ng reactions:

2O8
2− + H+ → HS2O8

− (6)

S2O8
− + H2O → HOOSO3

− + HSO4
− + H+ (7)

OOSO3
− + H2O → HSO4

− + H2O2 (8)

H2O2 → 2H2O + O2 (9)

First of all, S2O8
2− may be decomposed unsymmetrically

y its reaction with acidic H2O because of the influence of H+,
hich leads to the breaking of the O S bond. On the other
and, S2O8

2− can also react with H2O in neutral solutions to
roduce SO4

•− (Eq. (9)), a reaction which was considered the
ate-limiting step [11]. In this step, S2O8

2− was decomposed to
orm SO4

•− by breaking of the O–O bond.

2O8
2− + H2O → HSO4

− + SO4
•− + OH• (10)

O4
•− + H2O → HSO4

− + OH• (11)

OH• → H2O2 → H2O + (1/2)O2 (12)

S2O8
2− also can be decomposed as following:

2O8
2− → 2SO4

•− (13)

O4
•− + H2O → HSO4

− + OH• (14)

2O8
2− + OH• → HSO4

− + SO4
•− + (1/2)O2 (15)

O4
•− + OH• → HSO4

− + (1/2)O2 (16)

So free radicals can produce in neutral solutions. On the con-
rary, no or little available species are produced in acidic aqueous

olutions. Dogliotti and Hayon reported that sulfate radicals
ominated in the photolysis of persulfate ions in neutral and
cidic aqueous solutions [17]. However, in alkaline solutions,
ulfate radicals are converted into hydroxyl radicals (OH•). It

r
t
e
t

ig. 6. Effect of reaction temperature on the Hg0 removal efficiency. pH 7,

1 = 50 ◦C, CKPS = 1.0 mmol l−1 and G = 1.0 l min−1.

as shown that sulfate radicals (2.5–3.1 V) are stronger oxi-
ants than hydroxyl radicals (1.985, 2.38 or 2.72 V in acidic
olution), especially at elevated pH [18,19]. But the results in
lkaline solutions, under which KPS would not decompose eas-
ly due to the lack of available H2O or H+, indicated that no free
adicals were produced without light. But the difference was
argely eliminated by the addition of Ag+, regardless of acid or
lkaline solutions.

.4. Effect of reaction temperature

Fig. 6 demonstrates the effect of reaction temperature T2 on
g0 removal, our results suggest that the Hg0 removal efficiency
ecreases with increasing reaction temperature, while lower
emperature enhances the mercury removal. At the beginning,
he removal efficiency was reduced from 84.8, 92.0% at 25 ◦C to
1.1, 81.7% at 55 ◦C for 0.1 mmol l−1 and 0.3 mmol l−1 AgNO3
ith 1.0 mmol l−1 KPS, respectively. The energy of O O bond is
3.5 kJ mol−1 and the activation energy is (121 ± 12) kJ mol−1

or the decomposition of KPS [20], which is in reasonable
greement with 130 kJ mol−1 as reported in a previous work
hen potassium persulfate decomposed to radical SO4

•− whose
otential was as high as 2.6 V [21]. Due to the high activation
nergy, the reaction rate is quite slow at room temperature and
cceptable rate can only be achieved over 50 ◦C. But the rate con-
tant of SO4

•− recombination is (2.7 ± 0.2) × 109 l mol−1 s−1

22], which is the same order as compared to OH• recombination
5.5 × 109 l mol−1 s−1), which is also affected by the reaction
emperature. But the efficiency of KPS/AgNO3 is comparable
ith that of KMnO4/H2SO4 as oxidants for Hg0 removal. The

atter reaction rate is in the range of 107 l mol−1 s−1 [8]. As a
esult, the effect of reaction temperature was investigated from
wo inverse aspects. One is that high temperature can elevate
adical recombination as a result of the temperature raise. Fur-
hermore, the net effect is governed by the latter according to our
xperiment results, so the optimal temperature should be lower
han 50 ◦C in the actual absorption reactions.
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ig. 7. Effect of TBA on the Hg0 removal efficiency. pH 7, T1 = 50 ◦C,

KPS = 1.0 mmol l−1, T2 = 55 ◦C and G = 1.0 l min−1.

.5. Effect of TBA

Fig. 7 gives the results about the effect of TBA on mer-
ury removal. Generally speaking, radical scavengers include
ainly CO3

2− and HCO3
2− and TBA, which react with OH· at

ates of 4.2 × 108, 1.5 × 107 and 5.0 × 108 l mol−1 s−1 respec-
ively [23]. Among them, TBA is the most active one. To
scertain whether OH• and SO4

•− were involved in the reac-
ion between Hg0 and potassium persulfate, 50 mmol l−1 TBA
as put into the solution. According to Fig. 7, at the begin-
ing, the removal efficiency of mercury descend to 48.8 and
3.3% for 0.1 and 0.3 mmol l−1 AgNO3 with the addition of
0 mmol l−1 TBA from 71.1 and 81.7% without the TBA addi-
ion. The removal efficiency of mercury reached 33.8 and 34.8%,
fter 210 min reaction, also was lower about 15–20% than the
emoval efficiency without TBA addition, which was attributed
o the influence of TBA. So it can be concluded that the role of
ree radicals could be significant in the reaction.

.6. Reaction mechanism

It was postulated that persulfate anion (S2O8
2−) can be

hermally or chemically catalyzed by transition metal ions to
roduce a powerful oxidant known as the sulfate free radical
SO4

•−) [11], which can extract hydrogen from water to give
ydroxyl radicals (OH•) and potentially destroy organic con-
aminants within the soil mass by in situ chemical oxidation.

The roles of free radicals and transition metal ions in the reac-
ion were investigated by adding 50 mmol l−1 TBA as discussed
bove, which proved the postulation. Fig. 8 indicates that the pro-
uction of SO4

2− almost linearly increases, while pH decreases
ith time.
The reactions of persulfate ions with various organic and

norganic compounds have been extensively studied [11,21,24].
ersulfate oxidation is generally conducted under heat-, photo-
r metal-catalyzed conditions because the oxidation rates can

e greatly accelerated. Highly reactive species such as sulfate
adicals (SO4

•−) and hydroxyl radicals (OH•) are generated
s a result of photolysis or heat decomposition of persulfate
ons in aqueous phases [17,24–27]. And sulfate radicals are

b
r

S

ig. 8. Transformation plot of sulfate anion and pH as a function of time.
H 7, T1 = 50 ◦C, T2 = 55 ◦C, CKPS = 5.0 mmol l−1, CCN = 0.3 mmol l−1 and
= 1.0 l min−1.

tronger oxidants than hydroxyl and the thermodynamics of the
ransition-metal-oxidant coupling [18,19], since they are more
elective for oxidation (electron transfer). Hydroxyl radicals
ay react rapidly also by the removal and addition of hydrogen,
hich was also evidenced from our observation.
However, persulfate oxidation at atmospheric temperature is

sually not effective. Persulfate is commonly used with UV light,
atalyzed by transition metals or under high temperature in order
o initiate or enhance its radical oxidation mechanisms (as Eqs.
17)–(27) show). Sulfate radicals, formed from heat or chemi-
ally catalyzed by silver ion decomposition of persulfate (Eq.
17)), may initiate a series of radical-transfer chain reactions
Eqs. (18)–(22)) [24] where elemental mercury (Eqs. (23) and
24)) is mainly removed. At the same time, instable transition
pecies (Ag3+ and Ag2+) probably also contribute to mercury
emoval via OH• formation. Chain termination occurs in some
ituations to result in radical recombination (Eqs. (25) and (27)).

g+ + S2O8
2− → SO4

•− + SO4
2− + Ag2+ (17)

g+ + S2O8
2− → 2SO4

2− + Ag3+ (18)

g+ + Ag3+ → Ag2+ (19)

O4
•− + H2O → HSO4

− + OH• (20)

g3+ + 2H2O → 2OH• + Ag+ + 2H+ (21)

g2+ + H2O → OH• + Ag+ + H+ (22)

SO4
•− + Hg → Hg2+ + 2SO4

2− (23)

OH• + Hg + 2H+ → Hg2+ + 2H2O (24)

OH• → H2O2 (25)

H2O2 → 2H2O + O2 (26)

SO4
•− → S2O8

2− (27)

Sulfate radicals, formed from heat or chemically catalyzed

y Cu2+ decomposition of persulfate, may initiate a series of
adical-transfer chain reactions (Eqs. (28)–(37)).

2O8
2− + Cu2+ → SO4

2− + SO4
•− + Cu3+ (28)
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O4
•− + H2O → HSO4

− + OH (29)

u2+ + SO4
•− → Cu3+ + SO4

2− (30)

Cu3+ + Hg → 2Cu2+ + Hg2+ (31)

SO4
•− + Hg → 2SO4

2− + Hg2+ (32)

OH• + Hg → 2OH− + Hg2+ (33)

OH• → H2O2 (34)

H2O2 → 2H2O + O2 (35)

O4
•− + OH• → HSO4

− + (1/2)O2 (36)

SO4
•− → S2O8

2− (37)

The most probable reaction stoichiometry between Hg0 and
PS is 1:1, as shown below:

g + K2S2O8 = HgSO4 + K2SO4 (38)

After 210 min, the reaction was fully complete, it was only
.75 × 10−4 mmol l−1 KPS concentration that could reach the
heoretical value. Obviously, 5.0 mmol l−1 KPS was excess.
ig. 7 shows that 2.67 mmol l−1 KPS was consumed, which
ccounted for 53.4%. These results may be explained by the facts
hat free radicals would recombine or react with other reagents
nstead of Hg0, and that, as a result, chain reaction ceased. The
ther reason may be that the decomposition of KPS (being cat-
lyzed by Ag+) continued to proceed without any pretreatment
efore IC analysis.

. Conclusions

Research has been conducted to characterize and modify Hg
pecies (through conversion of Hg0 to Hg2+) in gases so that
Hg0 control strategy can be implemented in a wet scrubber.
g0 removal efficiency increases with the increasing concentra-

ion of potassium persulfate and catalysts, and decreases with the
ddition of TBA. Ag+ provided better catalytic effect than Cu2+,
he mercury removal efficiency could reach 75.4 and 97.0% cor-
esponding to 0.1 and 0.3 mmol l−1 Ag+ for 5.0 mmol l−1 KPS,
espectively, and just 69.8 and 81.9% corresponding to 0.1 and
.3 mmol l−1 Cu2+. Hg0 oxidation by K2S2O8 may be achieved
imultaneously via two different processes, namely, direct oxi-
ation by K2S2O8 and indirect reaction by free radicals. K2S2O8
s decomposed into SO4

•−, which oxidize metal ions to highly
eactive valent species and H2O to OH•. Both of them oxidize
g0 quickly to Hg2

2−, which can be oxidized to the final product,
g2+, in solutions.
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