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ABSTRACT

In this study, single iron oxyhydroxides (FeOOH) and binary iron/manganese (FeMnOOH)
oxyhydroxides were used to serve as potential mercury adsorbents. The selection of the
optimum adsorbent and the corresponding conditions of the synthesis was based not only
on its maximum Hg(I) adsorption capacity but also on its ability to achieve the mercury
health regulation limit for drinking water in National Sanitation Foundation challenge water
matrix. The experimental results revealed improved adsorption capacity for Hg by the FeM-
nOOH compared to FeOOH. In addition, the synthesis parameters of FeMnOOH, pH, and
redox showed a significant influence on Hg removal efficiency. High redox values and mild
alkaline pH improve mercury removal capacity of binary ferric manganese oxyhydroxides.
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1. Introduction

The knowledge of the scientific community on the
four interrelated parts of mercury’s biogeochemical
cycle (air, land, water, and living) has increased signif-
icantly over the last decade. It is estimated that the
total annual global input to the atmosphere, which is
the main route of Hg entry into the environment,
exceeds 5x10°tons [1]. Both natural and anthropo-
genic processes may be the sources of Hg release.
Mercury is introduced in the natural environment as a
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result of the friction of minerals, rocks, and soil from
exposure to air and water (erosion) and the volcanic
activity. However, anthropogenic emissions are still
responsible for a significant proportion of global Hg in
the environment although they follow a decreasing
trend in recent decades. Production of chlorine and
caustic soda, paper manufacturing, mining, industrial
paints, laboratory, clinical and dental waste, pesti-
cides, fossil fuels, cement production [2], industrial
incinerators, waste treatment plants [3] are some cases
of this category. Unlike natural sources, human
activities can emit different types of mercury
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including gaseous elemental mercury, particulate mer-
cury, and reactive gaseous mercury [1].

Elemental, inorganic, and organic forms of Hg are
the major forms met in the environment being highly
toxic to humans, as they accumulate in the water
effectively, thus passing into the food chain [4]. In nat-
ural waters, mercury may exist in three oxidation
states namely Hg® (elemental), Hg* and Hg** with the
last specie being the dominant. Its appearance and
allocation depends on the pH, the redox potential, the
nature, and the concentration of anions which form
stable bonds with mercury [5]. Tonic Hg*" are easily
associated to anions, such as, HgX,, HgX®  and
Hng’, where X=0H", CI', and Br [6]. But mercury
can also form stable structures with a plurality of
organic compounds and preferably with S-structures
like cysteines, amino- and hydroxyl-carboxylic acids
by strong covalent bonds [5].

In order to face the problem of Hg presence in
drinking water, a number of treatment processes has
been applied including coagulation/filtration, ion
exchange and sorption onto biomaterials, activated
carbon, and inorganic adsorbents. Coagulation/filtra-
tion efficiently removes mercury to sub-ppb level
fulfilling the maximum contaminant level (MCL) of
1pg/L [7-9]. However, the handling of produced
sludge, along with the management of dewatered
product, are considered as the main disadvantages of
this process, contributing significantly to the increase
of the respective treatment cost. On the other side, ion
exchange is an attractive method for metals capture
including Hg but its applications is generally focused
in removal/recovery of relatively high (metals) con-
centrations from wastes rather than trace mercury
removal from potable water [10]. The high capital cost
along with the handling of the regeneration solution
with high mercury concentration is the major draw-
backs of this process. Considering biosorption, a wide
assortment of biomaterials was studied for mercury
uptake [11-13]. However, the results usually focus on
high initial mercury concentrations commonly encoun-
tered in wastewaters, which in turn resulted in equi-
librium mercury concentrations much higher than the
MCL for drinking water. Even when low initial con-
centrations were used, the removal capacities achieved
at equilibrium concentrations equal to the MCL were
found in the range of a few ngHg/mg that is of no
practical importance [14]. In addition, biomaterials
present the significant drawback of enriching treated
water with organic matter, which is not always consis-
tent with drinking water regulations.

Adsorption is a process that offers many advanta-
ges including simple and stable operation, easy han-
dling of waste, absence of added reagents, compact
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facilities, and generally lower labor cost. A large num-
ber of natural materials and synthetic inorganic adsor-
bents have been reported to remove Hg efficiently, but
only under acidic conditions and/or high equilibrium
concentrations oriented to wastewater treatment
[15-21]. In particular, the most studied class of adsor-
bents, activated carbons, appears effective in acidic
environment and high Hg concentrations, but gener-
ally do not meet drinking water MCL [22,23]. Simi-
larly, ETS-4 titanosilicate [16], MnO, nanowhiskers
[17] and hydrous manganese and tin oxides [18]
showed good mercury removal capacity, at pH values
below 5, which results in the deterioration of treated
water quality. Modified magnetic iron oxide nanopar-
ticles [19,20] and hydrogen metal sulfide [21] achieved
residual concentrations that meet MCL, at slightly
acidic solution pH.

Iron oxyhydroxides (FeOOH) are widely practiced
for the efficient removal of various heavy metals from
drinking water [24-26]. Such materials are already
produced in industrial scale with low cost and grain
sizes suitable for adsorption bed implementation.
However, to the best of our knowledge, although mer-
cury sorption on iron oxyhydroxides has been mod-
eled [27,28], their adsorption efficiency for Hg has not
been extensively studied, especially at the low concen-
trations usually met in potable water. Based on the
previous work concerning the optimization of single
Fe and binary Fe/Mn oxyhydroxides for drinking
water treatment [29,30], the aim of this study was to
investigate the potential of using these materials for
efficient mercury adsorption. Specifically, the role of
synthesis parameters on the determination of surface
charge area and density, that mostly defines Hg
adsorption capacity, was thoroughly examined.
Various oxyhydroxides, prepared under different pH
and redox conditions, were tested in a preliminary
step on tuning the synthesis parameter for optimum
mercury’s removal.

2. Materials and methods
2.1. Adsorbents

The studied single iron (FeOOH) and binary iron-
manganese (FeMnOOH) oxyhydroxides were pro-
duced by oxidation/precipitation of FeSO,-H,O using
H,0, and KMnOQOy,, respectively, in a two-step continu-
ous flow process. The detailed process and the
corresponding physicochemical and structural charac-
teristics are described in our previous works [29,30]. In
brief, the synthesis was performed at pH values
ranging between 4 and 9 rigidly controlled by NaOH
addition, while the redox potential was adjusted to
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reach (i) the maximum value that could be achieved at
the specific pH by regulating the H,O, inflow in the
case of FeOOH or (ii) the value ensuring a Mn valence
close to +4 by adding KMnO,, which also served as a
manganese source, in the case of FeMnOOH. In order
to study the effect of manganese valence, various
FeMnOOH samples were synthesized at pH 6 and
redox potential range between 285 and 780mV.
For comparison, the two widely practiced and
commercially available iron oxyhydroxides GFH and
BAYOXIDE were also tested.

The isoelectric point (IEP) in a water dispersion of
oxyhydroxide solid was determined by the curve of
zeta-potential at 20 + 1°C. The preparation of the sam-
ples involved the suspension of 50 mg fine oxyhydrox-
ide powder into 1L of electrolyte solution (0.01M
NaNO;). Quantities of 100 mL were equilibrated at
different pH values (3-10) for 60 min under stirring by
adding either HNO; or NaOH. Then, the electropho-
retic velocity of at least 100 particles was determined
through a digital camera using a Rank Brothers
Micro-electrophoresis Apparatus Mk II device and the
{-potential value was calculated.

The surface charge density of the adsorbents, as
well as the point of zero charge (PZC), was found by
the potentiometric mass titration method [31]. Disper-
sions of 10g/L in 107°-10"" NaNO; were adjusted to
the pH 11 by adding 0.1 M NaOH. Then, the disper-
sions were titrated by adding stepwise small quanti-
ties of a 01N HNO; solution and recording
equilibrium pH till it reached 3. Plotting of surface
charge density for the three ionic strengths, which is
proportional to the difference of acid volume used to
bring about the same pH in the dispersion and a
blank titration, indicates the PZC as the point of inter-
section. The total anion-exchange yield, which is
related to the maximum number of exchangeable
OH, was calculated after a similar titration of disper-
sions in 0.01 NaNOs till the PZC and discard of the
solid. More specifically, the pH of the dispersion was
adjusted to 3 by adding 0.1 M HCI. Then, the oxyhy-
droxide’s solids were discarded and the solution was
back-titrated till the PZC with 0.1 M NaOH to calcu-
late the total cation exchange yield, which is related to
the maximum number of exchangeable H* [32]. The
specific surface area (SSA) of the adsorbent samples
was estimated by nitrogen gas adsorption at 77K
using a micropore surface area analyzer according to
Brunauer-Emmett-Teller model.

2.2. Reagents

A 1,000 mg/L Hg(I) stock solution was prepared
by dissolving 1.080g of reagent grade HgO in a
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volume of (1:1) HC], and diluting to 1L with distilled
water. Working standard solutions were prepared by
proper dilution of the stock solution in distilled water
or National Sanitation Foundation (NSF) standard
water in order to study the actual adsorption capacity
in the presence and concentrations of common ions
that usually met in natural waters. The NSF water
was prepared by dilution: 252 mg NaHCO;, 12.14 mg
NaNO;, 0.178 mg NaH,PO,-H,O, 2.21mg NaF, 70.6
mg NaSiO;-5H,0, 147 mg CaCl,-2H,O, and 128.3mg
MgSO,-7H,0 in 1L of distilled water. Prior to adsorp-
tion experiments the pH was adjusted to the target
value by adding either NaOH or HNO;.

2.3. Adsorption evaluation

Batch experiments of mercury uptake were carried
by placing 10-25 mg fine powder of samples (<63 mm)
in 300 mL conical flasks and equilibrating with 200 mL
of aqueous Hg(Il) solution. The pH was adjusted to 7
and after shaking the flasks for 24 h, the suspension
was filtered through a 0.45 um pore size membrane fil-
ter. Initial (100-250 pg/L) and residual mercury con-
centrations were determined by a Bacharach cold
vapor mercury analyzer system (Coleman-Model 50B).
Iron and manganese concentration in treated water
was determined by flame atomic absorption spectro-
photometry using a Perkin Elmer AAnalyst 800
instrument.

3. Results and discussion
3.1. Influence of adsorption pH

The effect of solution pH on mercury removal was
examined for the binary Fe/Mn oxyhydroxide synthe-
sized at pH 6. Fig. 1 illustrates the adsorption effi-
ciency dependence on treated water’s pH according to
the corresponding residual Hg concentration. Impor-
tantly, the optimum range of operation is situated at
the pH values commonly encountered in drinking
water (pH 6-9) where efficiency is almost constant
and reaches the sub-ppb level. Adsorption capacity
sharply diminishes at equilibrium pH values below 6
and smoothly reduces at pH values higher than 10.
These findings are consistent with those of Lisha et al.
[17] and can be explained by considering mercury’s
speciation and the observed surface charge of oxyhy-
droxides. More specifically, Hg(OH), is the dominant
form at the pH range 4-14 but the proportions of Hg
(OH)* and Hg(OH)*~ gradually increase below 7 and
above 11, respectively. At solution pH values lower
than 4, Hg?*/Hg(H,0)2" are the main ions in water
[33]. The effective surface charge of oxyhydroxides is
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Fig. 1. Influence of solution pH on Hg uptake by the
FeMnOOH prepared at pH 6 and redox 780mV. Initial
concentration 100 pg Hg/L in distilled water and adsorbent
dose 100 mg/L.

defined by synthesis pH and can be described by the
IEP of each sample (Fig. 2). As concluded, when the
preparation pH is below 5.5, the oxyhydroxide
appears positively charged at solution pH 7 while it
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Fig. 2. IEP of oxyhydroxides used in this study.
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turns negative when synthesized at pH above 6.
Therefore, in neutral pH, the reaction of the dominant
Hg(OH), and hydrolyzed Hg(OH)* species with the
weakly negative FeMnOOH surface, results in the for-
mation of =M-OH-Hg bonds [34].

In contrast, at solution pH lower than 5, oxyhy-
droxide’s surface becomes strongly positive (Fig. 2)
and repulses the Hg?*/Hg(H,0);" cations resulting in
low mercury uptake. Despite the contribution of spon-
taneous Hg precipitation at pH values above 9,
depicted by the mercury’s concentration drop in blank
samples, the Hg uptake at pH higher than 10
decreases, as it was also reported by other studies
[19,33,34]. Such behavior is probably attributed to the
increase in hydroxyls (OH") concentration favoring
the formation of Hg(OH); oxyanions [33], which are
repulsed by the highly negatively charged oxyhydrox-
ides’ surface. In addition, the results of Fig. 1 can also
be utilized for developing a regeneration procedure.
By treating spent adsorbents with a mild acidic solu-
tion (pH 4) leaching of adsorbed mercury is expected,
resulting in turn in adsorbent’s refreshing. Mercury
could be then easily recovered from the regeneration
solution as mercury sulfide (Ks,=1x10").

3.2. Adsorption kinetics

Kinetic data for mercury uptake by the FeMnOOH
sample prepared at synthesis pH 4 and redox 800 mV
were obtained both in distilled and NSF water equili-
brated at pH 7 (Fig. 3), in order to illustrate the influ-
ence of ions commonly encountered in natural waters
to mercury adsorption kinetics and capacity. The
experimental results for mercury adsorption in dis-
tilled as well as in NSF water matrix showed that the
mercury uptake proceeds at rapid rate during the first
1h, with more than 50% being removed within 5min
and more than 85% within 1h, and then considerably
slow down, reaching equilibrium at about 6h. The
kinetic data for mercury were best fitted to a pseudo-
second-order model:

t 1 t

N 1
o mkato M

where k; is the rate constant for pseudo-second-order
rate kinetics (mgpg min '), Q; and Q. the amount of
mercury removed (ugHg/mg FeMnOOH) at time f
and at equilibrium, respectively. The pseudo-second-
order function has been widely applied to describe the
removal of contaminants from aqueous solutions
assuming that a chemisorption process involves
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Fig. 3. Kinetic data for mercury removal and fitting in
pseudo-second-order model (inset). Initial concentration
250 ug Hg/L in distilled water at pH 7, adsorbent FeM-
nOOH prepared at pH 6, redox 780 mV, and dose 50 mg/L.

covalent forces and ion exchange [35]. By plotting
t/Q; vs. time the values of Q,=4.7pug/mg and
k;=0.032mgugmin~' were calculated for distilled
water from the slope and intercept, respectively (Fig. 3
inset). The corresponding values calculated for NSF
water was Q,=4.5ug/mg and k,=0.026 mg pg min’,
which indicate that common ions of water both
depress adsorption kinetic of mercury by almost 20%
and diminish the adsorption capacity close to 5%. This
dictates the necessity of carrying out adsorption tests
in natural-like water in order to get reliable and realis-
tic information. In addition, to be on the safe side, a
24 h contact time was established in mercury adsorp-
tion experiments.

3.3. Influence of synthesis pH and redox

In order to evaluate the studied samples according
to their Hg removal efficiency and understand the
effect of synthesis pH and redox on adsorption mech-
anism, batch adsorption tests were performed in NSF
water equilibrated at pH 7 (Fig. 4). In general, synthe-
sis pH does not seriously influence the adsorption of
Hg by FeOOH samples whereas Fe/Mn oxyhydrox-
ides appear more efficient in the whole studied pH
range and improve their properties at pH values
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Fig. 4. Influence of synthesis pH of Fe(OOH) and binary
Fe/Mn(OOH) on Hg removal efficiency. Initial concentra-
tion 100 pg Hg/L in NSF water, adsorbent dose 100 mg/L,
pH 7.

above 6. To explain the different behavior of the sam-
ples under similar conditions of application, it was
attempted to correlate the results with the net surface
charge density that describes the actual charge at the
materials surface instead of the IEP measurements
which represent the observed electrokinetic charge
density.

Due to the excess of H" in the reaction solution,
oxyhydroxides’ surfaces become highly positively
charged when prepared at acidic pH, while the nega-
tive charge density gradually increases as pH moves
to alkaline range due to OH™ dominance, respectively
(Fig. 5). However, in the case of the FeOOH samples,
positive charge density (mM [OH ]/g) remains signifi-
cantly higher than the negative one (mM [H']/g),
although they tend to become equal as synthesis pH
increases (Fig. 5(a)).

Therefore, the fact that residual Hg concentration
for the FeOOH samples meets limitations to decrease
below a constant value (13 pug/L), is attributed to the
presence of intense net positive charge, which repulses
the positively charged species of mercury. Although
the same pattern is followed in charge density values
of FeMnOOH samples, their improved efficiency may
be related to the higher values of negative charge
density curve most probably caused by the charge
destabilization during incorporation of tetravalent



E. Kokkinos et al. | Desalination and Water Treatment 54 (2015) 2082-2090 2087
251 (a) (b)
OH-V/ B —a—mmol [OH-)/g 25
o ol Hje —o— mmol [H+)ig
20+
5 I 420
E 15 F
= L {15
E 10 i {10
05 - 405
00 - ' ' 0.0
4 5 6 7 8 9 4 5 6 7 8 9
Synthesis pH

Fig. 5. Positive (mM [OH ]/g) and negative (mM [H"]/g) charge density of FeOOH (a) and FeMnOOH (b) as a function

of synthesis pH.

manganese into the trivalent iron structure (Fig. 5(b)).
But synthesis pH also defines the SSA which is a very
important parameter in mercury uptake (Fig. 6) since
it is related to the number of available adsorption
sites. According to this, the higher adsorption capacity
of FeMnOOH samples is mostly attributed to their sig-
nificantly higher SSA values compared to the FeOOH
ones. Such difference is explained by the more intense
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Fig. 6. SSA (m?/ g) of FeOOH and FeMn(OOH) as a func-
tion of synthesis pH.

reaction conditions during FeSO, precipitation by
KMnQO, that favor a very rapid nucleation step and
result in the production of oxyhydroxides with mean
crystal size of 2nm [30], which is lower to the respec-
tive of FeOOH [29]. The average weak increase of SSA
in Fe/Mn oxyhydroxides as synthesis pH increases
(from 190m®/g at pH 4 to 225m?/g at pH 9) is
another explanation for the efficiency improvement
presented in Fig. 3. The role of oxyhydroxides’ SSA in
Hg removal is also appointed for FeOOH samples by
the inverse correlation of SSA values (Fig. 6) with
residual concentrations (Fig. 3). For instance, the FeO-
OH that synthesized at pH 5 showed the higher SSA
of 155 m?/g and resulted in the lower residual concen-
tration of 11pugHg/L, while the FeOOH with the
lower SSA of 116m?/g (synthesis pH 8) correlated
with the higher residual concentration of 15ug Hg/L.
Considering commercial iron oxyhydroxides, the
efficiency of GFH and BAYOXIDE were proved
significantly lower, since the residual mercury concen-
trations achieved were 21 and 70 pg/L respectively.
The influence of synthesis redox in the Hg removal
efficiency was studied in FeMnOOH samples prepared
at the optimum pH value 6. The experimental results
of Fig. 7 reveal a gradual increase of negative surface
charge as the synthesis redox increases from 285 to
780 mV, which is inversely related to the residual mer-
cury concentration. More specifically, the 6 ugHg/L
residual concentration achieved by the samples syn-
thesized at redox 285mV was almost linearly
decreased to around 1pg/L by the sample synthesized
at redox 780mV. This significant improvement in
mercury uptake should be correlated only with the
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negative surface charge, since the SSA of samples was
almost equal [30]. In addition, these results indicate
the potentiality of FeMnOOH to reduce the mercury
concentration down to drinking water regulation limit
of 1pg/L. Conclusively, FeMnOOH achieved signifi-
cantly better mercury uptake in comparison to the
FeOOH including the commercial ones. The manga-
nese incorporation into iron oxyhydroxides provides

T T ¥ T . T T T
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Q(pg Hg/mg)

o ‘=0.10Ce°m'
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materials with improved SSA and negative surface
charge density, with later to be significantly influenced
by the synthesis pH and redox. Considering adsor-
bents stability the concentration of iron and manga-
nese concentration in treated water was determined,
always found below the method’s detection limit of 50
and 20 pg/L, respectively.

3.4. Adsorption isotherms

To clarify the predominance of binary iron manga-
nese oxyhydroxides over the single iron oxyhydrox-
ides including the commercial ones, adsorption
isotherms experiments were carried out using mercury
solutions in NSF water matrix in order to get reliable
and realistic information concerning the particular
adsorbents’ applicability. Considering the potentiality
to minimize the mercury concentration down to drink-
ing water regulation limit and using the adsorption
capacity (ugHg/mg adsorbent) as criterion, the fol-
lowing are concluded from Fig. 8. The commercial
iron oxyhydroxides GFH and BAYOXIDE did not
meet drinking water limit, since the lower residual
concentration achieved was 16 and 42pgHg/L,
respectively. In contrast, the qualified both FeOOH
synthesized at pH 5 and FeMnOOH synthesized at
pH 6—redox 780 mV met the first criterion by dimin-
ishing mercury concentration to regulation limit
although achieving significantly different adsorption
capacity. More specifically, isotherms adsorption data
were best fitted both by Langmuir’s and Freundlich’s
and the fitting parameters are presented to Table 1.

This should be attributed to low equilibrium
r' T ' 1 T T T T T T T
—GFH {14
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Fig. 8. Adsorption isotherms of the qualified FeOOH and FeMnOOH (a), and the commercial GFH and BAYOXIDE (b) in
NSF water matrix, fitted with Freundlich’s model. Note the different scale.
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Table 1
Estimated fitting parameters for Freundlich and Langmuir models

Freundlich Langmuir

Adsorbent Qi (ngHg/mguas) Kr (ngHg/mgaao)/(g/L)'" 1/n R*  Ki (L/ngHg) Qmax (igHg/mgeas) R?
FeMnOOH 0.34 0.34 0.756 0.995 0.022 11.9 0.998
FeOOH 0.10 0.10 0.845 0.994 0.014 6.4 0.994
GFH - 0.006 1.319 0.994 0.006 2.2 0.958
BAYOXIDE - 0.009 0.809 0.996 0.004 1.4 0.967

concentrations (2-80 ug/L) practiced, which obviously
implies low surface coverage obeying to both adsorp-
tion models. The Freundlich equation is:

Q = KpCl/m @

where Q is the amount of arsenic adsorbed per mass
of adsorbent, C, the equilibrium arsenic concentration,
Kr and n constants related to adsorption capacity and
intensity, respectively. The Langmuir equation is:

_ QmaxKL Ce

e v

Qe

where Q, is the quantity of arsenic adsorbed at equi-
librium concentration C,, Qmax 1S the maximum
arsenic adsorption capacity and K is the Langmuir
constant.

After that, the adsorbents were evaluated accord-
ing to the uptake capacity which corresponds to a
residual mercury concentration equal to drinking
water MCL of 1pg/L. This index, mentioned as Q;,
derives by setting C,=1pg/L in the Freundlich equa-
tion describing each experimental isotherm. The Q,
for the binary iron manganese oxyhydroxide synthe-
sized at pH 6 and redox 780mV was found 0.34 ug
Hg/mg adsorbent, which counts more than 3 times of
the corresponding 0.1 pg Hg/mg adsorbent of the iron
oxyhydroxide synthesized at pH 5. In addition, both
commercial iron oxyhydroxides failed to meet MCL
for drinking water. Conclusively, the preliminary
experiments of Figs. 3 and 6 considering the improve-
ment of FeMnOOH efficiency were verified by the
adsorption isotherms data, which also indicate that
binary iron manganese oxyhydroxides are promising
materials for mercury removal from drinking water.

4. Conclusions

Binary iron manganese oxyhydroxides were proved
to be promising adsorbents for mercury removal at

residual concentrations meeting the MCL for drinking
water. Synthesis parameters such as pH and redox sig-
nificantly influence the adsorption efficiency for mer-
cury of the binary iron manganese oxyhydroxides,
through the SSA and negative surface charge density,
although the latter showed almost no influence on the
efficiency of single iron ones. A Qj-index of 0.34 pg
Hg/mg adsorbent was determined for the qualified
binary oxyhydroxide synthesized at pH 6 and redox 780
mV, while the corresponding for the single iron
oxyhydroxide synthesized at pH 5 found 0.10 ug Hg/mg
adsorbent. Adsorption rapidly proceeded with 90% of
the mercury to be adsorbed within 1h. Conclusively,
the FeMnOOH proved an efficient adsorbent for mer-
cury removal at concentrations meeting drinking water
regulation limits, while the commercial iron oxyhy-
droxides GFH and BAYOXIDE failed.
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