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Abstract

This study investigated the Hg(II) removal efficiencies of the reactive adsorbent membrane (RAM) hybrid filtration process,
a removal process that produces stable final residuals. The reaction mechanism between Hg(II) and pyrite and the rejection
of the solids over time were characterized with respect to flux decline, pH change, and Hg and Fe concentration in permeate
water. Effects of the presence of anions (Cl~, SO42_, NO;7) or humic acid (HA) on the rejection of the Hg(II)-contacted
pyrite were studied. The presence of both HA and Hg(II) increased the rate of flux decline due to the formation of irrevers-
ible gel-like compact cake layers as shown in the experimental data and modeling related to the flux decline and the SEM
images. Stability experiments of the final residuals retained on the membrane using a thiosulfate solution (Na,S,05) show
that the Hg(II)-laden solids were very stable due to little or no detection of Hg(I) in the permeate water. Experiment on
the possibility of continuously removing Hg(II) by reusing the Hg/pyrite-laden membrane shows that almost all Hg(II) was
adsorbed onto the pyrite surface regardless of the presence of salts or HA, and the Hg(II)-contacted pyrite residuals were
completely rejected by the DE/UF system. Therefore, a membrane filter containing pyrite-Hg(II) could provide another
reactive cake layer capable of further removal of Hg(Il) without post-chemical treatment for reuse.
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1 Introduction the application of these methods include slow kinetics and

incomplete removal, production of large amounts of Hg(II)-

Mercury (Hg) is a global contaminant and of significant
concern for centuries. This is due to its high toxicity and
bioaccumulation via the aquatic food chain, which seri-
ously affects natural ecosystems and human health. Vari-
ous treatment processes for mercury (II) removal from
water have been used, such as adsorption [1-8], filtration
[9, 10], precipitation/co-precipitation [11], ion exchange
[12], and bioremediation [13]. Limitations encountered in
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contaminated sludge, metallic fouling of ion exchange
media, membrane fouling, and fairly high operating costs.
Moreover, the presence of natural organic matter (NOM)
[4, 14-18] and background ions [4, 10] or co-existing metal
ions (Mg?*, Mn?*, and Cu®*) [4] affect mercury removal by
these treatment methods. Therefore, enhanced technologies
are required to remove mercury efficiently from water while
producing stable residuals that can be effectively separated
from water and then safely disposed to landfills.

A new process called reactive adsorbent/membrane
(RAM) is a hybrid filtration process that has shown prom-
ise to attain high quality water from wastewater or water
resources contaminated with Hg(II) [9, 10, 19]. This method
is based on the sorption of Hg(Il) by a reactive adsorbent,
which is subsequently separated from water by an ultrafiltra-
tion membrane in a continuous flow way. Mercury is a Lewis
acid that has a strong affinity to soft Lewis bases. Since
the thiol functional group is a soft base, sulfur-containing
chemicals have been widely used to remove mercury from
water [2, 3, 8, 20, 21]. Accordingly, mercury forms very
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insoluble solids with sulfide [22, 23]. The most common
sulfide/disulfide minerals are pyrite (FeS,), mackinawite
(FeS), and pyrrhotite (Fe, S, x=0 to 0.2). The abundance
of pyrite on the earth surface and its low cost led many envi-
ronmental engineers and researchers to use them as pos-
sible scavengers of many toxic elements including mercury
[8, 24-26]. Therefore, an attractive alternative for effective
mercury removal is to adopt pyrite as a reactive adsorbent
for Hg(II), possibly producing stable residuals that can be
effectively separated by ultrafiltration membranes. Pyrite can
adsorb Hg(II) effectively over a wide range of pH [3, 8].
In most previous studies, the mechanism for adsorption of
mercury and the species formed have not been fully under-
stood. However, several potential mechanisms may occur
during removal of Hg by pyrite: formation of hydrolyzed Hg
species which subsequently adsorbed onto the pyrite surface
and formation of new a solid-phase through ion exchange
between Hg(II) and the Fe in pyrite [22].

Even though Hg is strongly adsorbed onto pyrite surfaces,
desorption of Hg from Hg-contacted pyrite is possible when
strong ligands, such as I, 52032', and CN7, that have a high
affinity to Hg(II) species, are present in the solution [27].
Also the presence of dissolved organic matter (DOM) and
some complexing anions may negatively affect Hg sorption
onto pyrite [10, 17]. Anions such as C1~ and SO,>~ may
decrease the sorption of mercury by forming strong non-
sorbing aqueous complexes [28], thus reducing free Hg(II)
ions available to sorb onto the surface of sorbent. In addi-
tion, complexation between mercury and DOM [15, 16,
29-31], adsorption of humic acid (HA) on the surface of
pyrite [32], and the competition between organic S of DOM
and inorganic S of pyrite for complexation with Hg [17] may
influence the adsorption of Hg onto pyrite. Moreover, pyrite
oxidation either by dissolved oxygen in aqueous media or
redox reaction between Hg(II) and structural Fe of pyrite
may strongly influence the sorption behavior of Hg onto
pyrite [2].

On the other hand, the separation of Hg-contacted solid
is a technological challenge. Ultrafiltration (UF), nanofiltra-
tion (NF), and reverse osmosis (RO) are capable of reduc-
ing concentrations of Hg-containing solids after appropriate
pretreatment [9, 10, 33-35]. However, UF processes is pre-
ferred, because they can achieve the goal at lower operating
pressure, which reduces the capital and operating costs [33,
36]. Appropriate pretreatment and choice of membrane and
operation conditions are needed to reach highest removal
efficiency of contaminants.

The objective of this study was to develop a RAM treat-
ment process for removal of Hg from wastewater that forms
stable solid residuals. Nano-scale pyrite was used as a reac-
tive sorbent at pH 8 and was combined with DE/UF to sepa-
rate the Hg-loaded residuals from treated wastewater. Effects
of the presence of anions (CI~, SO42_, NO;") and humic acid
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(HA, as example of NOM) on Hg(II) removal were studied,
and the stability of final residuals rejected by the DE-UF
was evaluated by using thiosulfate solution (Na,S,05) as a
desorbing reagent. Most of the previous mercury removal
experiments were batch experiments. This study examined
the possibility of continuous removal of Hg(I) by formation
of Hg-pyrite followed by its removal by DE/UF. Moreover,
this study also investigated the possible reaction mechanism
between Hg(II) and pyrite and characterized the final solid
residual by surface analysis techniques including scanning
electron microscopy (SEM) and X-ray photoelectron spec-
troscopy (XPS). The fouling mechanism was investigated
by nonlinear regression analysis using MATLAB and SEM
analysis.

2 Materials and methods
2.1 Chemicals

All materials and chemicals used in this research were rea-
gent grade. Water was distilled by a Barnstead Mega-pure
distillation device and then deionized by passing it through a
Labconco purifier system. Subsequently, the distilled/deion-
ized water was purged with 99.99% N, to produce deoxy-
genated, deionized water (DDW). All stock solutions and
chemical reagents used in this study were prepared by dis-
solving these high quality chemicals with DDW in anaerobic
chamber with an atmosphere of 99.99% nitrogen. Also, all
experiments were conducted in an anaerobic atmosphere.

Iron (III) chloride hexahydrate (FeCl;-6H,0, Sigma-
Aldrich, 97%) and sodium sulfide nonahydrate (Na,S-9H,0,
Sigma-Aldrich, 99.9%) were used as iron and sulfur sources,
respectively, to synthesize pyrite. Mercury stock solutions
were prepared using mercuric chloride (HgCl,) obtained
from Mallinckrodt Chemicals, Phillipsburg, NJ. Anhydrous
sodium sulfate (Na,SO,, BDH), sodium chloride (NaCl,
Fisher Scientific), and sodium nitrate (NaNO;, Sigma-
Aldrich) were used as source of anions. Humic acid (HA)
was purchased from Sigma-Aldrich and used to represent
natural organic matter. Anhydrous sodium thiosulfate
(Na,S,05) was purchased from AMRESCO for desorption
tests of Hg(II). All the solutions used in experiments were
adjusted to pH 8.0+0.1 using 0.1 M NaOH and 0.1 M HCI
(J. T. Baker). The pH was monitored with a Thermo Scien-
tific pH meter calibrated with three Orion buffer solutions
(4.0, 7.0, and 10).

2.2 Pyrite synthesis
Pyrite (FeS,) was synthesized in an anaerobic chamber

using a modified method of Kim et al. [37], which used
Na,S-9H,0 and FeCl;-6H,0 as sources of sulfur and iron.
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pH was adjusted to 6.5, which is the optimum pH to avoid
the possible formation of FeS and S° [38]. The pyrite syn-
thesized in our laboratory was characterized by surface
analysis. The detailed procedure for pyrite synthesis is
described in the Supporting Information. SEM/EDX analy-
sis showed that the mass percentage of synthesized pyrite
was 83% (Fig. S1). Average particle size of synthesized
pyrite was around 400 nm.

Contact of

HgandFeS,

Filtrate tubing assembly «

Rejection of
Hg-contacted
FeS,

Mercury/Pyrite

solution
\.

Filtrate
collection
container

Digital balance

2.3 Dead-end ultrafiltration system

A dead-end ultrafiltration (DE/UF) membrane system was
setup with a low pressure, stirred-cell UF device provided
by Millipore Company (Fig. 1). This device consisted of
an 800-mL glass reservoir container connected to a 300-
mL glass cell that held the membrane. Pressure was main-
tained at 14.5 psi by a pressure regulator connected to a N,
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Fig. 1 Schematic representation and flow chart of experimental procedures for mercury removal using dead-end ultrafiltration membrane system
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cylinder. Membrane used for the DE/UF system was 30 kDa
regenerated cellulose (RC) UF membrane with surface area
of 31.7 cm?. There was no Hg(II) adsorption on the walls of
the DE/UF system when the control test was conducted with
only a mercury solution.

2.4 Mercury removal using DE/UF system

A series of filtration experiments were conducted with two
sets including several steps. These sets were categorized by
the presence of desorption test. So, set I follows experimen-
tal order of sorption — rejection — recycle, whereas set 11
has the order sorption — rejection — desorption. These two
set experiments were performed separately. For step I in set
I (sorption test), pyrite was contacted with the water contain-
ing Hg(II) for 30 min. In step II (rejection test), the ability
of the ultrafiltration membrane to reject Hg(II)-laden pyrite
was determined. In step III (recycle test), the ability of the
Hg(II)-laden pyrite on the membrane to remove additional
Hg(II) was determined by passing water containing Hg(II)
through the membrane. On the other hand, the set II experi-
ment has a desorption test after a rejection test without recy-
cle test.

Regardless of the set type, in each step except step I, per-
meate water was collected over time in order to measure
flux, pH, and concentrations of Hg and Fe. These results
were used to obtain removal efficiencies and to identify
the possible reaction mechanism, the fouling propensity of
membrane, and the overall retention capacity of the ultrafil-
tration system. The setup of the DE/UF system is schemati-
cally represented in Fig. 1.

For the rejection test (step 1I), a feed solution of 1 mg/L
Hg(II) and 0.1 g/L pyrite was prepared by mixing equal vol-
umes of a 0.2 g/L pyrite suspension and a 2 mg/L Hg(II)
solution. Although mercury concentrations in natural water
have been reported to range as low as several pg/L [39], a
higher concentration of Hg(II) was chosen in this experi-
ment to evaluate the efficiencies of our system for mercury
removal from wastewaters. Since the maximum sorption
capacity of pyrite for mercury was found to be 9.9 mg Hg/g
[4], a pyrite concentration of 0.1 g/L is appropriate for these
filtration experiments. In addition, pH higher than neutral
has been reported to be favorable for efficient and rapid
removal of mercury by pyrite [3, 4]. Moreover, Hg-chloro
complexes predominate at pH less than 8, which might be
unfavorable for adsorption of mercury onto pyrite [3, 4].
Therefore, pH of all solutions was adjusted to 8.0+0.1 by
deoxygenated NaOH and HCI solutions.

For the evaluation of physical and chemical stability of
the rejected final solids on the UF membrane (step III in set
1), a 0.1 M thiosulfate (82032_) solution was continuously
passed through the membrane.
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To study the effect of anions (SO42_, NO32_, and CI")
on the behavior of Hg(II) removal by pyrite and the rejec-
tion of Hg-laden pyrite by the DE/UF system, experiments
were conducted in the presence of 0.01 M SO42_, NO32_,
and CI™. Anions were reported to significantly affect the
sorption behavior of Hg and other heavy metals by pyrite
[4]. Although the reported values of anions in the environ-
ment are very low, high concentration of anions were chosen
in this study to evaluate the efficiencies of our system for
Hg(II) removal from wastewater under adverse conditions.
To study the effect of NOM on filtration experiments, HA
was used as a representative of NOM at two concentrations
(1 mg/L and 0.2 mg/L). HA can reduce the adsorption of
Hg(II) onto pyrite by competing with Hg(II) for active sites
of pyrite and subsequently passivating pyrite surface by
reversible and irreversible adsorption of HA [40]. At low
ratios of HA to Hg, Hg(II) can be reduced to Hg(0) by HA.
However, as the concentration of HA increases, the forma-
tion of Hg-Ha complexes becomes more important, and at
very high HA concentration, complexation completely elimi-
nates reduction [31].

2.5 Surface characterization of solid samples
and membranes

The surfaces of solid samples were characterized using tech-
niques, including SEM for the surface topography and com-
position and XPS for identification and quantification of ele-
mental composition. Prior to SEM analysis, the membranes
were coated with gold alloy through a vacuum-sputtering
technique to prevent the accumulation of electrostatic charge
at the surface. Otherwise, scanning faults or low resolution
of backscattering SEM images could occur. The second-
ary SEM images were collected at a working distance of
10 mm under an acceleration voltage of 20-25 kV. Image
magnification ranged from 200 to 80,000 X . The quantifica-
tion of elemental composition on the solid was carried out
using a Kratos Axis Ultra DLD XPS. The XPS spectra were
obtained using a monochromatic Al Ka X-rays with pass
energy of 80 eV.

3 Results and discussion
3.1 Rejection of Hg-contacted pyrite

Figure 2a shows flux decline during four different experi-
ments. Each experiment showed flux decline due to mem-
brane fouling, possibly caused by pore constriction, pore
blocking, or formation of a cake layer by deposition of
particles on the surface [41]. To evaluate the actual fouling
mechanism, a flux model proposed in the literatures is used
[9, 41]:



Emergent Materials (2021) 4:1441-1453 1445
1.2 8
(a) —@— Only Hg (b)
—@- Hg + Anions
1.0 —4— Hg + Img/L HA
—ll- Hg + 0.2mg/L HA
o 6
2
= 08 A
"
3
w
g 06 5 44
=
©
E 04
= 2 —@— Only Hg
—@— Hg+Anions
0.2 4 —@- Hg+ Img/L Humic Acid
—- Hg+ 0.2 mg/L HA
0.0 T T T T T 0 . - T : -
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Accumulated time, min Accumulated time, min
1000 4 100 ( d)
(C) ~®- only Hg —@— Only Hg
@ Hg+Anions —@- Hg+Anions
—4— Hg+ 1mg/L Humic Acid 80 4
800 - —f- Hg+ 0.2mg/L HA —@— Hg+ Tmg/L Humic Acid
=) ’ 3 8- Hg+ 0.2mg/L HA
c c 60
S 600 2
g £
c c
H 8
2 400 A e 401
) <]
o o
2 hrd
200 - 20 -
0 W [QRISEEEEE NN N EE N RCEZ N W SN SE BSOS S S
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Accumulated time, min

Fig.2 a Flux decline of Hg(II)-contacted pyrite suspension using
DE/UF system as affected by anions and HA; time-profiled b pH,
¢ Hg, and d Fe concentrations in the same permeate water: 0.1 g/L

J=Jd+k)™ (D)

where J is the flux at a given time ¢, J, is the initial flux, k is
an empirical rate constant, and # is a coefficient determined
by the fouling mechanism. When the value of n is 0.5, 1,
1.5, or 2, it indicates that flux decline is due to the cake
formation, internal pore constriction, partial pore blocking,
or complete pore blocking, respectively. In this study, val-
ues of the rate constant (k) were determined by nonlinear

Accumulated time, min

pyrite, 1 mg/L. Hg(Il), 14.5 psi pressure, initial flow rate of 3.54
Lm™> min~’, pH 8, 10 mM anions (CI, SO42_, NO;™), 0.2 and
1 mg/L HA, and N,-purged system

regression using the “nlinfit” function in MATLAB. Regres-
sions were conducted with each of the four values of n. The
sum of squared residuals (SSR) is a measure of the good-
ness of fit. Table 1 shows that the lowest SSR was always
observed when the value of n was set to 0.5, which indicates
that the cake formation model provided the best fit to the flux
decline data. The detailed fitting results are presented in the
Supporting Information (Figs. S2—S5). In addition, the pres-
ence of HA resulted in more rapid fouling as indicated by

Table 1 Calculated parameters

: Samples SSR¥k

of the flux decline model for

rejection of pyrite and Hg(II)- n=0.5 n=1.0 n=1.5 n=2.0

contacted pyrite under various

solution compositions Pyrite + Hg 0.005/0.111 0.291/0.035 0.057/0.019 0.077/0.013
Pyrite + Hg + anions 0.002/0.139 0.052/0.041 0.097/0.023 0.127/0.016
Pyrite+Hg+0.2 mg/L HA 0.003/0.165 0.052/0.048 0.094/0.027 0.123/0.018
Pyrite+Hg+ 1 mg/L HA 0.009/0.256 0.045/0.069 0.097/0.037 0.135/0.025

4SSR is sum of squared residual between experimental data and flux decline model
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the larger values of k. The presence of both HA and Hg may
result in higher rates of flux decline due to the formation of
irreversible gel-like compact cake layers [42—44].

Humic substances can form complexes with both Hg(II)
[30] and pyrite [40], which ultimately result in macro-
molecules. Deposition of these larger macromolecules
can make a thick cake layer on the membrane. HAs are
negatively charged because of the presence of negatively
charged carboxylic and phenolic groups, and these results
in electrostatic repulsion between molecules of HA. How-
ever, complexation of HA with pyrite or with Hg could
reduce electrostatic repulsion between HA molecules, and
this could help the formation of coiled and spherical shape
among them, finally producing a more compact layer on
the surface of membrane [43, 45]. This is evident in all
cases with HA, but the flux decline is substantial in the
case with higher concentration of HA. Similarly, the pres-
ence of anions also resulted in slightly greater flux decline
as compared to the case with only Hg, possibly because of
deposition of the Hg-anion-pyrite solids on the membrane
surface. For example, Bower et al. (2008) found an ordered
monolayer of Hg-Cl-S on the surface of pyrite based on
the EXAFS data, in which linear S-Hg-Cl arrangements
seems to be extended away from one of the S atoms in
50% of the disulfide pairs at the pyrite (001) surface [3].
These Hg-anion-pyrite solids could make the cake layer
denser and thicker.

pH and concentrations of Hg and Fe in the permeate
water were also measured. Figure 2b shows that the influ-
ent pH of 8 decreased to effluent pH values between 6 and
7 for all experiments. For the case of Hg only, the decrease
of pH is likely due to sorption of Hg-hydroxo complexes
onto the pyrite surface, which releases protons into solu-
tion [2—4], as shown in Eq. (2):

=Py-.-OH + Hg** >=Py--O--Hg" + Hg" )

where =Py--OH indicates a hydrolyzed pyrite surface.
Slightly less pH decrease was observed in the solution in
presence of anions comparing to other solutions. This might
be due to the complexation between Hg(II) and anions such
as Hg-Cl,, resulting in less free Hg available for formation
of Hg-OH™* or FeS,-Hg-OH complex [4].

Another explanation for the decrease in pH is oxidation
of pyrite by dissolved oxygen. It cannot be ensured that
the whole process is completely anoxic condition. During
transfer of the feed solutions from glove box to feed water
reservoir, the feed solutions were partially exposed to air
for brief time. Pyrite oxidation is a complex phenomenon,
and both sulfur and iron(II) can be oxidized. Pyritic sul-
fur can be oxidized to sulfate by dissolved oxygen. But
the oxidation of Fe(II) produces Fe(IIl), which is another
oxidizing agent for pyrite, eventually leading to oxidation
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of pyrite by both oxygen and Fe(III), which increases the
acidity of the solution [2—4, 46].

FeS, +7/20, + H,0 = Fe** + 250, + 2H* 3)
Fe’* +1/40, + H = Fe*™ + 1/2H,0 4)

FeS, + 14Fe™ + 8H,0 = 15Fe** +2S0,%” + 16H"  (5)

In this study, all experiments achieved around 99%
removal of Hg (Fig. 2¢), indicating that almost all of the
mercury was adsorbed onto pyrite particles and that the final
solids were completely rejected by ultrafiltration membrane
system. The presence of anions or HA did not affect the
removal efficiency of the system.

Figure 2d shows that Fe was not detected in the permeate
water. The lack of Fe in the permeate water can be explained
in two ways: (a) Removal of Hg resulted in formation of HgS
that released Fe, but it was re-adsorbed onto the pyrite sur-
face or precipitated as iron (hydr)oxide and (b) removal of
Hg did not cause any release of Fe from pyrite. Our experi-
mental methodology cannot distinguish between these two
explanations. Considering all of the aspects, adsorption of
mercury species onto pyrite surface and the resulting sur-
face complexation seems to be the most plausible removal
mechanism for Hg.

Figure 3 shows several pictures of the membrane before
and after filtration experiments that had been dried in an
anaerobic chamber. The dried membrane surface had a
brown-yellow color in all cases, but the yellow color is
stronger when HA was present in the solution (Fig. 3e and
). The change in color may be related to the oxidation of
membrane surface. Quantitative elemental analysis of the
membrane surface by XPS (Fig. S6) shows a high percent-
age of elemental oxygen in all cases. This could be caused
by exposure of the membranes to air during transport to the
anaerobic chamber after experiments and during preparation
of samples for SEM and XPS analysis, which was conducted
outside the anaerobic chamber, or the hydrolyzed surface of
the rejected pyrite solids.

Figure 4 shows the top and cross-sectional views of
SEM images of membrane surfaces from all experimental
conditions. The cross-sectional images (Fig. 4e—h) of the
membrane surface show that Hg-contacted pyrite formed
a cake layer on the membrane surface. No particles pen-
etrated into the pores of the membrane. Top view images
(Fig. 4a—d) show that the cake layer covered the entire
area of the membrane surface. This supports the conclu-
sion based on flux decline measurements that cake for-
mation was the dominant fouling mechanism in all cases.
The top view images also show that in cases without HA,
the fouling layers look relatively porous, whereas in cases
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Fig.3 Images of RC membrane surfaces a before and b after filtration before drying and dried membrane samples obtained from experimental
conditions of ¢ only Hg(II), d Hg+anions, e Hg+0.2 mg/L HA, and f Hg+ 1 mg/L HA, respectively

with HA gel-like materials were observed. When 1 mg/L
HA was used, the surface was almost completely cov-
ered by the gel-like layer. The deposition of this layer is
probably the cause of the increased flux decline observed
when HA was present. The SEM images also show differ-
ent morphology development on the membrane surface.
There are many cube-like crystal particles present, which
are similar to the major shapes of pyrite. When HA was
present, there were also particles clusters observed. The
difference in morphology of the particles is related to the
interaction of Hg(II) and pyrite in presence of different
chemicals. The particle clusters may be the result of link-
age between complexes of Hg and thiol group in HA on
the pyrite surface followed by formation of aggregated
surface precipitates which might still preserve cube-like
structure that is originated from pyrite [47, 48].

3.2 Stability of Hg/pyrite-deposited DE/UF system

The physical and chemical stability of Hg(II)-laden pyrite
deposited on the membrane surface was evaluated using
0.1 M thiosulfate solutions, because thiosulfate has a strong
affinity for mercury [2, 27]. The chemical stability was
evaluated by detecting Hg in the permeate water after pass-
ing thiosulfate solution through the solids-laden membrane.
Figure 5a shows that there were no substantial changes in
flux for all cases during the stability tests, indicating that the
thiosulfate solution did not affect the cake layers formed on
the surface of membrane.

pH and Hg concentration were monitored over time dur-
ing the stability experiments, and the results are shown in
Fig. 5b and c. The effluent pH (Fig. 5b) varied between 7.5
and 6.8 for all experimental conditions, but the magnitude of
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«Fig.4 SEM images of RC membrane surfaces. Left side and
right side show top view and cross sectional view of membranes
for experimental conditions: a,e only Hg(lI), b,f Hg+ anions, ¢,g
Hg+0.2 mg/L HA, d,h Hg+1 mg/L HA. Red circle denotes forma-
tion of cake layers. Conditions: pH 8, anoxic conditions under 14.5
psi pressure

change is much less than that observed during the rejection
tests (Fig. 4). This change in pH may be due to the interac-
tion of thiosulfate with the solid deposited on the membrane.
Thiosulfate can be oxidized to tetrathionate by residual dis-
solved oxygen (Eq. (6)) or by iron (III) in the presence of
pyrite [49]. Thiosulfate and tetrathionate can be decomposed
to sulfate, bisulfide, and hydrogen ions via the dispropor-
tionation reactions shown in Egs. (7)—(8):

25,027 +0.50, + 2H* "5 8,02 + H,0 6)
S,07” + H,0 =SO;” + HS™ + H* )
S,0;” + 12H,0 = 980;™ + 7THS™ + 17H* (8)

Figure 5c shows that there was little Hg release after con-
tact with thiosulfate, which means that the Hg-laden pyrite
particles are very stable due to formation of highly insoluble
precipitates or strong surface complexes. For comparison,
Behra et al. (2001) [2] found that more than 89% of Hg
was desorbed from Hg(II)-laden pyrite after 3 h of contact
with 0.1 M thiosulfate solution at pH 7.1. Hyland et al.
(1990) [27] also found around 90% desorption of Hg from
the Hg(II)-laden pyrite after contact with 0.1 M thiosulfate
at pH 6.7. The different level of Hg(II) desorption may be
due to different experimental conditions and/or to different
characteristics of the pyrite used in the different laboratories.
Also, anoxic conditions were not secured during the experi-
ments conducted by Behra (2001) [2] and Hyland (1990)
[27]. Oxidation of the pyrite surface results in the forma-
tion of a monolayer of iron (oxyhydroxides) [47] that is less
able to bind Hg(II) than pyrite. Also in their experiments,
relatively large amounts of Hg were used in the adsorption
tests compared to our experiments. Higher Hg loading on the
pyrite surface might result in more weakly bound species.

The small amounts of mercury measured in the permeate
water when HA was not present may be attributed to mixed
physical and chemical adsorption mechanisms. The sorbed
Hg species are desorbed by thiosulfate ligands, compared to
other experimental conditions with anions or HA.

3.3 Recycle of Hg/pyrite-deposited UF membrane

To date, several experiments using pyrite-packed column
tests [3] or regeneration/reuse of pyrite [4] have been

attempted to investigate the ability of pyrite to further
remove Hg(II). However, for such experiments, washing
chemicals such as HCI or NaCl were used in both cases. The
experiments for this study called recycle tests (step III in set
I) were conducted to evaluate the residual capacity of pyrite
to remove additional Hg after initial contact and removal
by the UF membrane. This recycle experiment did not use
a regenerant agent and only tested the continuous Hg(IT)
removal on the Hg(II)-pyrite-laden UF membrane surface.
The motivation for this test is based on the hypothesis that
complex chemical reactions of functional groups between
Hg-HA-anion-S-(in-pyrite) can lead to another strong or
stable chemical coordination [3].

Four feed solutions (Hg, Hg + anions, Hg+ 0.2 mg/L
HA, Hg+1 mg/L HA) were prepared and fed to a DE/UF
system that had previously been operated through steps I
and II. The same operating conditions applied in the previ-
ous experiments were used. Figure 6a shows that flux was
almost constant from the beginning to the end of the recy-
cle test for all types of feed solutions. In the recycle test,
the added feed solution appeared to pass through the mem-
brane without making any physical impact on the cake layer.
Figure 6b shows the change in pH with permeate volume
per unit membrane area. Similar to the rejection tests, pH
decreased to around 6 in all cases. Again, a smaller decrease
in pH was observed in the case of Hg+ anions, and a simi-
lar mechanism is applicable to explain the observations. In
brief, the pH drop in the experiment with Hg only is due to
adsorption of soluble mercury hydroxide species (Hg-OH)
and associated release of protons. In the case of Hg+ anions,
formation of Hg-anion complexes (mostly Hg-Cl complex)
reduces the free Hg to make complex with OH. But the effect
of anions is not great. The dissociation of HA along with
ternary surface complexes of pyrite-Hg-OH may attribute
to the observed pH decrease.

Removal of Hg was nearly complete during these tests
over the entire range of permeate volumes (1 L) evaluated
in this study (Fig. 6¢). These results indicate that this system
is efficient for continuous and complete removal of Hg from
water. It also indicates that it has the capacity to further
remove Hg from contaminated waters after the pyrite par-
ticles are initially removed. Also, there was no significant
release of Fe for all cases (Fig. 6d). These experimental
results may support the hypothesis that a membrane filter
containing pyrite-Hg(II) could provide another reactive
cake layer capable of further removal of Hg(Il) without
post-chemical treatment for reuse. However, this can be only
sustainably effective until flux decline is not severe due to
the presence of NOM that shifts the cake layer formation to
the pore blocking. That is, if NOM is separately pretreated
from the influent water entering UF system, such pyrite-
based UF treatment method may be effective in continuously
removing Hg(ID).
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4 Conclusions

Due to strong tendency of the formation of stable solids
(Hg-S-in-FeS,), there have been many studies with a long
journey to remove Hg(II) from solution using iron sulfides
under various environmental conditions. However, there is
still lack in evaluating the continuous removal capacity of
pyrite in a filtration manner that does not require recollect-
ing or retreatment after Hg(II) removal. This study tested
the pyrite-supported UF system to investigate the ability of
the continuous Hg(II) removal in the presence of co-exist-
ing ions and HA in terms of water flux, pH change, Hg(II)
removal rate, and leaching of Fe contents.

Rejection experiments in the pyrite-supported UF system
showed almost 100% removal of Hg(Il), which indicates that
it was nearly adsorbed onto pyrite and that the pyrite was
nearly completely removed by the membrane. Nearly com-
plete removal was observed even in the presence of anions or
HA. Membrane fouling in all experiments could be ascribed
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to the formation of cake layers on the membrane surface.
Even though insignificant amounts of Fe were observed in
the permeate water, the possibility that HgS is formed via
ion exchange between Hg(II) and Fe in the solid phase can-
not be ruled out. It is possible that Fe is released from pyrite,
but is re-adsorbed.

Desorption experiments using 0.1 M sodium thiosulfate
(Na,S,05) solutions showed that adsorbed Hg(II) was not
readily desorbed, indicating that Hg(II)-laden solids were
stable. Although the effluent pH varied between 7.5 and
6.8 for all experimental conditions, but the magnitude of
change is much less than that observed during the rejection
tests. This change in pH may be due to the interaction of
thiosulfate with the solid deposited on the membrane. How-
ever, detection of small amount of mercury in the permeate
water for cases of only Hg(II) and Hg(II) + anions may be
attributed to the mixed physical and chemical adsorption
mechanisms. In recycle experiments, nearly complete Hg
removal was observed and was maintained until the end of
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Fig.6 Additional removal capacity of Hg-contacted pyrite laden
on the UF membrane by providing continuous feed water contain-
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experiments, indicating that the pyrite retained additional
capacity and that good Hg removal might be obtained with
lower pyrite doses that were employed in these experiments.

The final goal of this study was to develop a treatment
technology for continuous and complete removal of mer-
cury from wastewater. The proposed reactive adsorbent
membrane (RAM) hybrid process using dead-end ultra-
filtration successfully demonstrated the continuous and
almost complete removal of mercury from water. This
study was tested in the absence of oxygen to clearly inves-
tigate how the reaction mechanism between Hg(II) and the
unoxidized pyrite forms a stable solid and how the results
obtained from the pyrite-supported UF system can contrib-
ute to continuous Hg(II) removal. This first set of experi-
ments in our research plan will help to move smoothly
to the next set of experiments in experimental conditions
close to a real wastewater system containing various co-
existing ions and oxygen. This gradual effort is expected to

Pemmeate volume per unit surface area, Lim?

1 mg/L HA at pH 8: a normalized flux, time profiled b pH, ¢ Hg, and
d Fe concentration

minimize the resulting data gap between laboratory batch
testing and actual field application in Hg(IT) removal using

pyrite.
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