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Removal of heavy metals from mine tailing effluent has been a long-standing environmental management
issue in mining industry. In this study, removal of Mo(VI) from aqueous solutions was investigated using
pyrite and cinder. Various parameters such as pH, agitation time and Mo(VI) concentration have been studied
in batch experiments for the two materials firstly. The maximum adsorption of Mo(VI) occurred at pH 4.0 for

Key Words: cinder, and 3.0 for pyrite. Kinetic studies showed that Mo(VI) adsorption by the two materials generally
Mo(VI) removal obeyed apseudo second-order model. Furthermore, application of Langmuir and Freundlich isotherm models
Adsorption to the adsorption equilibrium data showed that the adsorption behavior obeyed the Langmuir model. The
Batch and column tests adsorption capacity of cinder and pyrite was found to be 3.01 and 8.35 mg Mo(VI1)/g adsorbent. Subsequently,
Cinder three flow-through columns (Column 1#, V. 1V = 2.1 Column 2#, V. 1V = 1:1; Column 3#,V .
Pyrite Vi er = 1:2) were operated for the removal of Mo(VI) for six months. Results indicated the average removal

efficiency of Mo(VI) by Column 1# were 47.68%, by Column 2# were 50.03%, and by Column 3# were

23.34%, respectively. Therefore, the pyrite-cinder mixture (V Y

= 1:1) proven to be a feasible and

pyrite cinder

cost-efficient treatment technology for Mo(VI) removal.

INTRODUCTION

Molybdenum (Mo) is considered as an essential trace ele-
ment for both plantsand animals. The provisionally recom-
mended dietary intakeis 75-250 pg/day for adultsand ol der
children (Namasivayam & Sangeetha 2006). However, it
would become toxic when the level of molybdenum con-
centrationin water isabove5 mg/L (Moret & Rubio 2003).
Chronic oral exposure can result in ahighincidence of weak-
ness, headache, growth retardation, sterility, and death
(Namasivayam & Sangeetha 2006). M olybdenum pollution
eventshave been reported for several years, suchasin Cali-
fornia’ s San Joaquin Valley (Zhang et al. 2005) and at the
Woujintang reservoir in China (Yu et al. 2011). Due to the
huge molybdenum-contai ning effluents from mining tailings
without any pretreatment, such pollution hasbecome ama-
jor water quality management problem in many regions of
theworld. However, most of the relevant research was con-
cerned with the removal of cations (e.g., Cu*, Zn#, Ag,
Ni%, Pb*) (Ikram et al. 2010, Kalesh & Nair 2005) and ani-
onic complex species (e.g., cyanide, arsenate, chromate)
(Moret & Rubio 2003). Molybdenum is generally found in
two oxidation statesin nature, Mo(1V) and Mo(V1) (Fox &
Doner 2002). It may exist asMosS, in reducing environments
although the formation may be kinetically limited (Helz

1996). Mo (VI) dominates under oxidizing conditions and
iscommonly present asMoO,* (Fox & Doner 2002). There-
fore, removal of MoO,> from wastewatersis of significant
importance from an environmental point of view. From an
economic standpoint, its recovery would be attractive be-
cause molybdenum is apreciousmetal with many industrial
applications.

Different methods have been devel oped to remove metal
ionsfrom water sasmplesincluding coprecipitation (Mamtaz
& Bache 2001), reverse osmosis (Zhaoa et al. 2005) that
generally need variousand complicated equipments and rea-
gents. Adsorption has been showing to be an economical
alternative for removing metals from water (Afkhami &
Conway 2002). Theremoval of MoO,* from aqueous solu-
tionshasbeen studied using different adsorbentslike sulfuric
acid modified cinder (Lian et al. 2012), iron ore (Xu et al.
2006, Bostick et al. 2003), g-AlLO, (Wu et al. 2000), carbon
cloth (Afkhami & Conway 2002), magnetic chitosan resins
(Elwakeel et al. 2009), and maghemite nanoparticles
(Afkhami & Norooz-Ad 2009). However, more research for
environmentally benign, cost effective, and efficient mate-
rialsfor Mo removal isdesired.

Pyriteisan acidogenic material that hasrich resourcesin
Liaoning province. Due to the main compositions of Feand
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Ca oxides, they have been undergone many investigations
for Mo(V1) removal (Xu et al. 2006, Bostick et al. 2003).
The mechanisms of Mo(V1) removal by pyrite include the
process of adsorption and precipitation, moreover, the ma-
jor mechanismis often determined by many factors, suchas
the chemical composition and the solution pH. Thisremoval
mechanism is similar to P removal by iron oxides. How-
ever, adsorbents based on iron oxides for P-removal were
found the clogging phenomenain column testsfor their eas-
ily aggregate together in water phase or moisture conditions
that made the hydraulic conductivitiesof the column decreas-
ing, and treatment efficiency decreas ng finally in concomi-
tancewith clogging (Gustafsson et a. 2008). Sand hasbeen
used as amixture to avoid clogging (Deng 2002), but sand
is not an appropriate substrate due to its finer texture and
stable physico-chemical properties (Meers et al. 2006).
Therefore, to select substrates with conducive physico-
chemical propertiesto Mo(VI) removal, while maintaining
sufficient permeability is of utmost importancefor infiltra-
tion systems. Few attempts have been tried to resolve these
problemsin column tests and keep steady Mo(V1) removal
rate in long run. A mixture of pyrite and cinder as column
mediawill be an approach.

Cinder isasolid waste generated from coal combustion
inindustry and district heating. In China, there are about 60
milliontonnesof cod that is produced per annumin Liaoning
province. It isdeemed asan ideal material for the removal of
pollutants with low cost in wastewater treatment due to the
porous structure with rich oxides. Due to the complex po-
rous structure and higher hydraulic conductivity, cinder is
often mixed with other materialsin soil treatment systems
for improving the permeability and enhancing nitrogen re-
moval (Zhang et al. 2005). It can also be used toimmobilize
cells or asfilter mediafor advanced wastewater treatment
because of the high specific surfacefor microbial attachment
and growth (Li et al. 2005). However, cinder isprone to break
down and clog, and it is often used as an additive in filter
media. The mixture of pyrite and cinder asfilter mediafor
wastewater treatment could not only exert the higher Mo(V1)
removal ability of pyrite, moreover, cinder is staple solid
wastein Chinaand itsutilization isalso make senseto waste
reuse.

The objective of thiswork was to test the feasibility of
the mixture of pyriteand cinder as adsorbent for the removal
of Mo(VI). The solution pH, contact time and initial Mo(V1)
concentration of pyrite and cinder were evaluated in batch
experiments. Subsequently, three columns with different
volume ratio of pyrite to cinder were operated for Mo(V1)
removal, and an optimum mixtureratio of pyrite and cinder
inthe columnswasinvestigated.

F.Q.Wangetal.

MATERITALS AND METHODS

Reagentsand I nstruments: Pyritewassupplied by Hugjian
Co., Ltd., Hefei, China. Cinder was obtained from boiler
room in Dalian University of Technology, Liaoning, China.
The property and composition of these materials are pre-
sented in Table 1. For removing soluble material of the
substrate surface, adeionization cleaning procedure was ap-
plied (Afkhami & Conway 2002). Then, the washed cinder
was milled, rinsed, dried and pulverized to aparticlesize <
0.15 mm for testing after dried at 105°C, and keptin aplas-
tic bag for further uses. Mo(VI) was added to suspensions
using 100 mg/L stock solutionsof Na,MoO,-2H,0. All other
chemical swere of standard-grade.

A model Optima 2000 DV inductively coupled plasma
spectrometer (Perkin EImer Co., Americal) as background
correction, and amodel 7504 PC UV/visble spectrophotom-
eter with 1 cmglasscells(Shangha Xinmao Instrument Co.,
Ltd, Shanghai, China) were used for determination of Mo-
lybdenum concentration in the solutions. The surface char-
acteristicsof adsorbentswere measured using scanning elec-
tron microscopy (FEI Quanta 200, Holland). The major ele-
mentsin materialswere obtained by an X-ray fluorescence
spectrometer (SHIMADZU Co., Japan). As for the batch
adsorption experiments, four instrumentsincluding amodel
DHG-9023A serious heating and drying oven (Shanghai
Jinghong Laboratory Insgrument Co., Ltd, Shanghai, China),
amodel PHS-3C pH meter (Shanghai Precison & Scientific
Ingrument Co., Ltd, Shanghai, China), an €l ectronic balance
model CP 153 (Ohausingtrument Co., Ltd, Shanghai, China)
and an oscillator model KS (Ronghua instrument Co., Ltd,
Jiangsu, China) were used collectively. In addition, all glass-
ware were soaked in dilute nitric acid for 12 h and finally
rinsed for threetimeswith double distilled water prior to use.

Batch phosphate adsor ption experiments. Solution of
Mo(VI) concentrations 10 mg/L and 2 g/L of adsorbent dose
were used to examine the pH effect. The initial pH of the
mineral suspensionscontaining Mo(V1)was adjusted to the
range of 2.0-10.0 using 0.1 mol/L HCI or 0.1 mol/L NaOH
additions, and the changed total volumewas <2%. The point
of zero charge (pzc) isone of the most important character-
igticsof an oxide surface, which correspondsto the pH value
of the liquid surrounding oxide particles when the sum of
surface positive charges balance the sum of surface negative
charges. The pH of zero point charge (szpc) of thetwo ma-
terialswastested by the masstitration method, which dem-
onstrated that the pH of the system will approach pH, =
(PK,+pK,) pzc/2 under the limiting conditions of “infinite”
mass/volumeratio (Noh & Schwarz 1988).

Adsorption kinetic testswere investigated by adding the
four materials(2 g/L) to 50 mL Mo(V1) solutions(20 mg/L)

Vol. 11, No. 4, 2012 - Nature Environment and Pollution Technology



REMOVAL OF MO(VI) FROM AQUEOUS SOLUTIONSUSING PYRITE AND CINDER

with a 0.1 mol/L NaCl solution at 20°C and pH 4.0 + 0.3.
Adsorption isotherms were developed by adding the four
materials (2 g/L, respectively) to Mo solutions (0-40 mg/L
Mo) at pH 4.0 = 0.3. Sodium chloride (0.1 mol/L NaCl) was
used as a background electrolyte to obtain a constant ionic
srengththat all ows compari son among different experiments
(Xu et al. 2006, Bostick et al. 2003). At the end of the ad-
sorption equilibration time, the suspensions were filtered
through 0.45 pm pore size filters, and the residual molyb-
dateion wasanalyzed.

Column Mo(V1) adsor ption experiment: Column adsorp-
tion testson Mo(V1) removal were conducted at room tem-
perature. Three columns were constructed of PV C tubes of
40 cm length and 10 cm inner diameter and filled with a 30
cm layer of the appropriatefilter material. The bottom of the
columns was filled with a5 cm layer of gravel to prevent
loss of material from the columns. The schematic diagram
of the columnisshownin Fig. 1. Considering the different
Mo(VI) removal capacities of pyrite and cinder, the volume
ratio of pyriteto cinder wastested in the experiments. Col-
umn 1# was designed SV, e Ve = 211, Column 2#was
designed aSV, e Vi = 111, and Column 3# was designed
aSV_ e Ve = 112 Theaverage Mo(V1) concentration of
influent was 5.02 mg/L inthe whol e test. Because the pH of
practical Mo(V1) effluent was alkaline, the simulated influ-
ent pH was maintained in range of 7.0-9.2 during the tests.
The effluent was collected in a storage tank and then con-
tinuoudy pumped to each column by peristaltic pumps. The
effect of different flow rates on Mo(VI) removal was aso
tested at aflow rate of 4.0 mL/mininthefirst three months,
and 12.0 mL/minin thelast three months. The effluent sam-
pleswere collected weekly for Mo(VI) analysis.

Analytical methods: The thiocyanate photometric method
was used to determine Mo(V1) concentrations in agueous
solution, which was performed by using a model 7504 PC
UV/visible spectrophotometer with 1 cm glass cells (Shang-
hai Xinmao Instrument Co., Ltd, Shanghai, China). The prin-
ciplefor determining these measurementsis based on are-
duction reaction from Mo(V1) to Mo(V) by using stannous

BEECEA Sand

Peristaltic pump 7§
Pyrite-cinder mixture

[

Gravel

Influent tank

ol g,
-

Fig. 1: Schematic diagram of laboratory based small column
for fixed bed studies.

Effluent tank
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chloridein acid condition, and then Mo(V) can be treated to
preparethe sal mon-pink complex compounds by thi ocyanate.
All adsorption experimentswere performedin triplicate and
the data were expressed asthe average value.

RESULTS AND DISCUSSION

Chemical characteristicsof the materials: The chemical
composition of the materials for this study is presented in
Tablel. Thepyritewasrichin Feand S, representing 45.52
% and 49.05 %, respectively. Feand Sareknownto play an
important rolein Mo(V1) retention (Xu et a. 2006). Mo(VI)
reacts with iron oxides by ligand exchange forming inner-
sphere complexes (Goldberg et al. 1996). Fe, Al and Caox-
idesconstituted 12.41 %, 17.26 % and 6.55 % of the cinder,
respectively (Table 1). Theingredient of Al isalso effective
for Mo(V1) removal by ligand exchange. The cinder wasalso
highin Si, however, it was previoudly reported that Si has
littleefficiency for Mo(V1) retention (Goldberg et a. 1996).

Effect of pH: Solution pH plays a critical role in the rate
and mechanism of the removal of phosphate. It should be
noted that theremoval efficiency decreased withincreasing
pH and shows amaximum removal value at equilibrium pH
3.0for pyriteand pH 4.0 for cinder (Fig. 2). Thisfinding has
been reported by several investigators(Moret & Rubio 2003,
Afkhami & Norooz-Ad 2009, Moselhy et al. 2011), who
have found that Mo(VI) adsorptionisenhanced intheacidic
range of pH. As mentioned by Afkhami et al. (2009),
favorable effect of low pH can be attributed to the neutrali-
zation of negative charges on surface of the adsorbents by
excess hydrogen ions, thereby facilitating the diffusion of
Mo(V1) and its subsequent adsorption.

The pH,. of the pyrite and cinder is around 5.25 and
9.13, therefore, the almost complete removal of Mo(V1) oc-
curred at equilibrium pH of 4.0 for cinder and 3.0 for pyrite.
This may be due to the high protonation of adsorbents at
high pH lowering the final pH, which controls the point of
zero charge while reacting with Mo(V1) (lllies& Tombacz

Table 1: Property and composition of the pyrite and cinder.

Property and composit ion Pyrite Cinder
Particle size (mm) 2.00-4.00 1.00-2.00
Bulk density (g cm) 1.42+0.2 0.97+0.2
Surface area (m? g% 0.37 8.63

The pH of zero point charge (szpC) 5.25+0.05 9.13+0.05
Fe,0, (%) 4552 12.41

S (%) 49.05 -

ALQO, (%) - 17.26
CaO (%) - 6.55
MnO (%) - 2.28

SO, (%) 211 69.29

Values are the means of duplicate determinations + standard deviation.
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2006). Moreover, the speciation of molybdate anions are
anionic polynuclear hydrolyzed speciesin the pH range 2.0-
4.6:Mo0,0,,(0OH),*, M0,0,,(0H),*, M0,0,,(0H)>,M0,0,,*
(Namasivayam & Sangeetha2006a, Afkhami & Norooz-Asl
2009). Therefore, the adsorbents surfaceis positively charged
bel ow the pH,. and anion adsorption occurs. However, when
at thefinal pH > pH,. uptake of Mo(V1) decreases since at
higher pH the adsorption surface sitesare negatively charged
whichincreases el ectrostatic repul s on between Mo(V1) and
the adsorbent (Namasivayam & Sureshkumar 2009). The
lower removal rate at pH < 3.0 may beattributed to the higher
concentration of ClI" anions, which compete with the molyb-
date anions for interaction with the adsorbent active sites
(Elwakeel et al. 2009).

Adsor ption kinetics: Kinetic studiesof Mo(V1) adsorption
were performed to determine the time required to reach ad-
sorption equilibrium. The optimum contact timefor Mo(V1)
adsorption by pyrite and cinder appears to be 150 min and
110 min, respectively. The sorption of Mo(V1) for all ex-
perimentsis rapid during the initial stages of the sorption
process, however, the rate of Mo(V1) adsorption becomes
dower inlatter stages. It can be attributed to the surface char-
acterization of pyrite and cinder. As shown in Fig. 4, the
cinder haslarger pore structure and surface area, indicating
that the faster adsorption rate for Mo(VI) by cinder than
pyrite. Moreover, the surface area of cinder is8.63 m?/g, so
Mo(V1) hastofirst encounter the boundary layer effect and
then adsorb onthe surface, and finally hasto diffuse into the
porous structure of the adsorbent which takes alonger time.

In the present study, two kinetic models were tested in
order to predict the adsorption data of Mo(VI) asfunction
of time using a pseudo first order model and a pseudo sec-
ond order model. Accordingto Guptaet al. (2001), the pseudo
first-order model can be expressed asfollows:

In(g-q)=Ing-kt (1
Where k, (min™) isthe pseudo first order rate constant,
g, and g, (mg/g) are the amounts of metal ion adsorbed at
equilibrium and at timet (min), respectively. The values of
k, and g, are calculated from the slope and the intercept of
theplotsof In(q,“q,) versust, respectively. The pseudo sec-
ond order model isexpressed by equation (2):
i = 1 +L 2
6 k& q ~(2)

Where, k, is the pseudo second order rate constant of
adsorption (g/mg'min). The values of k, and ¢, were calcu-
lated from the plots of t/qvs. t.

Accordingly, g, values of pyrite (4.02 mg/g) and cinder
(4.45 mg/qg), calculated from the first-order model, do not
generaly agree withthe experimental ¢, val uesof pyrite (3.08
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Fig. 2: Effects of varying equilibrium pH values on Mo(V1) adsorption.

mg/g) and cinder (1.21 mg/g), although the correlation co-
efficients of the first-order plots are high. Therefore, the
pseudo-first-order model is not suitable for modeling the
adsorption of Mo(VI) onto the pyrite and cinder. In con-
tragt, the appli cation of the pseudo second-order model leads
to much better regression coefficients, all greater than 0.99.
Furthermore, the calculated g, values of pyrite (3.20 mg/g)
and cinder (1.37 mg/g) are closeto experimental values. Thus,
theseresultsindicate that the adsorption process sudied gen-
erally followed the second-order kinetic model. Similar re-
sultshave been observedin the adsorption of molybdate onto
waste Fe(l11)/Cr(111) hydroxide (Lian et al. 2012,
Namasivayam & Prathap 2006).

Adsor ption isother ms: The adsorption isothermsindicate
how the adsorbate molecules distribute between the liquid
phase and the solid phase when the adsorption processreaches
an equilibrium state. The model parameters for both
Langmuir and Freundlich modelsaregivenin Table2. Both
equationswere suitable for the description of Mo(V1) sorp-
tion isotherm by pyrite and cinder, but the Langmuir equa-
tion wasfitter than the Freundlich equation according to the
correlation coefficients (R?). According to the coefficients
of Langmuir isotherm, the maximum adsorption capacity of
pyrite was 8.35 mg Mo(V1)/g, and that of cinder was only
3.01 mg Mo(V1)/g.

A lot of studiesdeal with the mechanism of heavy metal
uptake by adsorbent materials. However, the conclusionsof
these studies are often contradictory. For instance, Elwakeel
et a. (2009) and Moselhy et al. (2011) showed that L angmuir
isotherm equation iswell suited for modeling the sorption
kinetics of Mo(V1) onto various adsorbents. On the other
hand, Afkhami et al. (2009) and Namasivayam & Sangeetha
(2006a) have shown Langmuir and Freundlich modelswere
both successful in modeling the adsorption of Mo(V1) on
different adsorbents. In conclusion, it appearsfrom literature
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Fig. 3: Mo(V1) removal through pyrite and cinder columns.

that the adsorption isotherm is strongly dependent on the
typeof adsorbent material.

A comparison of theMo(V1) adsorption capacity (q, ) of
some adsorbents based on the L angmuir i sotherm constants
hasbeen made. The g, for Mo(VI) on chelating resin (Kalal
et al. 2011) and acid treated Fe(111)/Cr(l11) hydroxide
(Namasivayam & Prathap 2006) are 4.20 mg/g(pH 6.5) and
7.35mg/g (pH 4.0), respectively. Besides, theq_ for Mo(VI)
on pyrite (41.7 m?/g) (Bostick et al. 2003) is 12.47 mg/g
(pH 4.0-7.0). Thisindicatesthat the surface area of adsorbents
and lower pH isimportant for Mo(V1) removal.

The essential characteristics of the Langmuir isotherm
model can be expressed in terms of a dimensionless con-
stant, R, defined by Hall et al. (1996) as equation (3):

1
1+C, WE)

RL:

Where, C, is the initial Mo(VI) concentration (mg/L),
R isapositive number whose value reveals the feasibility
of the sorption process. The processisirreversibleif R =0,
favorableif R <1, linearif R = 1landunfavorableif R > 1.
The values of R _for pyrite and cinder are found to lie be-
tween 0.05-0.55 and 0.08-0.64, which signifiesthat the ad-
sorptionmoduleisfavorableat all the concentrationstested.

Removal of Mo(VI) in column experiments: Three
columns flow-through adsorption tests were conducted for
nearly 180 days. The Mo(V1) concentrations of every week
areshowninFig. 3. It showed that Mo(V1) after the columns
1# and 2# were largely reduced comparing to the column
3#. The constant effluent concentration of the pyrite-cinder
columns at the beginning of operation were mainly due to
the higher Mo(V1) sorption capacity, when the adsorbent
mixturewasfresh and the sorption siteswerefreefor Mo(V1).
Column 2# had higher Mo(V1) removal efficiency than
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Table 2: Langmuir and Freundlich isotherm parameters.

Parameters Pyrite Cinder
Langmuir C_le, L

% On  Gub
q,,(mg g 8.35 3.01
b (L mg?) 152 1.03
R2 0.9978 0.9951

1

Freundlich Inqe:EInCean
K 3.96 458
n 6.83 2.50
R2 0.8517 0.9359

Column 1#in first three months, although higher amounts
of pyritewereadded in Column 1#. It was because fractional
adsorption was dependent on Mo(V1) contentstaken by the
influent at the initial time when the amount of pyrite was
sufficient for adsorption. With time going on, Mo(V1)
removal rate of Column 1# was gradually higher than
Column 2# due to higher amount of pyrite. But finally the
differencewasnot evident. For half year, theaverage removal
rate of Mo(V1) by Column 1# was 47.68%, and by Column
2#was 50.03%, respectively. It can be knownfromthe results
that the mixture of pyrite and cinder as filter media was
feasiblefor Mo(V1) removal.

Regarding to the influence of hydraulic retention time,
three columns showed similar trend. Except for Column 3#,
removal efficiencies of Mo(V1) did not decline apparently
ashydraulic loading increased. Moreover, over the operat-
ing days, effluent pH in Columns 1# and 2# varied mainly
from 5.2 to 7.8. Comparing to influent pH, there was slight
pH drop (about 1.4-1.8 unit) in the effluent. Thisis mainly
caused by the acid production of oxidation reactionin pyrite.

In order to study the particles surfaces before and after
adsorption, scanning el ectron microscopic (SEM) imagesfor
the samplesof raw adsorbents and adsorbentsfrom Column
2# were obtained at the terminative time of test. The micro-
graphs are presented in Fig. 4. The micrograph of raw
adsorbents showed the significant difference on the surface
of cinder and pyrite. More micropores existed in the surface
of cinder and relatively smooth on the surface of pyrite, which
can a so explainwhy cinder had higher speed rate of removal
for Mo(V1) than pyritein thefirst place.

By a comparison of the SEM images of the fresh pyrite
surface (Fig. 4c) and after 24 weeksof exposureto the Col-
umn 2# (Fig. 4d), significant differencesin surface morphol -
ogy can beobserved. The surfaces of thefresh pyrite areflat
and have some small stepsand no erosion pitswere observed.
However, the surfaces after 24 weeks of exposure to the
Column 2# are quite different. Different patternsof erosion

Nature Environment and Pollution Technology - Vol. 11, No. 4, 2012
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pits can be identified, including clusters of pits and pearl-
string-like chains (Fig. 4d). These erosion pits are roughly
of the size of Thiobacillusferrooxidans(Luet a. 2006). The
erosion of pyrite by Thiobacillusferrooxidans hasbeen ob-
served by many different authors (Sanhueza et al. 1999,
Rodriguez-Leiva& Tributsch 1988). They reported that the
bacteriaattached to the surface of pyrite caused erosion sites
tobeleft aspits of approximately the samedimension of the
bacteria. The erosion of the mineral surface occurred prob-
ably in the contact area below the cell that leadsto the for-
mation of the erosion pits. Therefore, a conclusion can be
drawn from the observation of the pyrite surfaces that
Thiobacillus ferrooxidans might have oxidized the pyrite
by corroding the surfaces, which play an important role in
Mo(VI) removal by pyrite. Therefore, although higher
amount of pyritein Column 1#, it did not show significant
superiority for Mo(V1) removal. The micrograph (Fig. 4b)
and (Fig. 4d) indicated that the pores of the adsorbentshave
been covered with adsorbate after along-term operation, but
the potentia for longer operation was still existed due tothe
incompl eteness occupi ed adsorption sites on the substrates
surface,

CONCLUSIONS

Based onthe chemical composition of the pyrite and cinder
and the appropriate solution pH, Fe content and S content
contributed primarily to Mo(VI) immobilization in pyrite,
and Al content contributed primarily to Mo(V1) immobili-
zation in cinder. The maximum adsorption occurred at pH
3.0 for pyrite and pH 4.0 for cinder. The equilibrium ad-
sorption data showed a good fit to Langmuir isotherm, and
the maximum adsorption capacity of cinder and pyrite was
found to be 3.01 and 8.35 mg Mo(V1)/g, respectively. Ki-
netic studies referred that Mo(V1) adsorption reaction by
pyrite and cinder was a second-order rate model.

Results of three flow-through columns experimentsin-
dicated thefeas bility of the mixture of pyrite and cinder for
Mo(V1) removal. The columns with volumeratio of pyrite
tocinder as 1:1 and 2:1 were better in thetest because of the
higher Mo(V1) removal efficiency for along time. Due to
the low cost and high adsorptive capacity, the pyrite-cinder
mixture (V oyite- V cinder = 1:1) possess the potential to be
utilized for cost-effective Mo(V1) removal.

The investigations of other cation and anion concentra-
tionsin the solution during Mo(VI) adsorption experiments
should be explored further, which are important in study of
the feasibility and the contribution mechanism for Mo(V1)
removal by the mixture of pyriteand cinder. In addition, the
long-term performance characteristicsof pyrite and cinder col-
umnsneed to beeva uated further beforeit can berecommended
for critical application requiring guaranteed performance.
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c d
Fig. 4: SEM images of the cinder and pyrite. (a) cinder, (b) Mo(VI)-
loaded cinder, (c) pyrite, (d) Mo(V1)-loaded pyrite.

ACKNOWLEDGEMENT

The authors are thankful for the assistance of Dr. Changwu
Yuand Dr. Chengwei Han inthisresearch. The authorsalso
acknowledge the National Natural Science Foundation of
People' sRepublic of China(Grant No. 51009065), the Key
Science and Technology Planning Projects of Henan Prov-
ince (Grant No. 112102110033), and the National Water
Pollution Project for Taihu Lake Pollution Control of China
(20122X07101-007).

REFERENCES

Afkhami, A. and Conway, B.E. 2002. Investigation of removal of Cr(V1),
Mo(VI), W(V1),V(VI)andV (V) oxy-ionsfrom industrial wastewaters
by adsorption and electrosorption at high-area carbon cloth. J. Colloid
Interf. Sci., 251(2): 248-255.

Afkhami, A. and Norooz-Ad, R. 2009. Removal, preconcentration and
determination of Mo(V1) from water and wastewater samples using
maghemite nanoparticles. Colloid. Surface. A., 346: 52-57.

Afkhami, A., Madrakian, T. and Amini, A. 2009. Mo(V1) and W(V1) re-
moval from water samples by acid treated high area carbon cloth.
Desalination, 243: 258-264.

Bostick, B.C., Fendorf, S. and Helz, G.R. 2003. Differential adsorption of
molybdate and tetrathiomolybdate on pyrite. Environ. Sci. Technol.,
37(2): 285-291.

Deng, Y. X. 2002. Study on Removal of Phosphorus in Wastewater with
Natural Minerals and Steel Slag. Ph.D. Thesis, China University of
Geosciences, China

Elwakeel, K.Z., Atia, A.A. and Donia, A.M. 2009. Removal of Mo(VI) as
oxoanions from aqueous solutions using chemically modified mag-
netic chitosan resins. Hydrometallurgy, 97: 21-28.

Fox, P.M. and Doner, H.E. 2002. Trace element retention and release on
minerals and soil in a constructed wetland. J. Environ. Qual., 31:
331-338.



REMOVAL OF MO(VI) FROM AQUEOUS SOLUTIONSUSING PYRITE AND CINDER

Goldberg, S., Forster, H.S. and Godfrey, C.L. 1996. Molybdenum adsorp-
tion on oxides, clay minerals and soils. Soil Sci. Soc. Am. J., 60: 425-
432.

Gupta, V K., Gupta, M. and Sharma, S. 2001. Process development for the
removal of lead and chromium from agqueous solutionsusing red mud,
an aluminium industry waste. Water Res., 35: 1125-1134.

Gustafsson, J.P., Renman, A., Reman, G. and Poll, K. 2008. Phosphate
removal by mineral based sorbents used in filters for small-scale
wastewater treatment. Water Res., 42: 189-197.

Hall, K.R., Eagleton, L.C. Acrivos, A. and Vermeulen, T. 1996. Pore and
solid diffusion kineticsin fixed bed adsorption under constant pattern
conditions. Ind. Eng. Chem. Res,, 5: 212-223.

Helz, G.R., Miller, C.V., Charnock, JM., Mosselmans, J.F.W., Patrick,
R.A.D., Garner, C.D. and Vaughan, D.J. 1996. Mechanism of molyb-
denum removal from the sea and its concentration in black shales:
EXAFS evidence. Geochim. Cosmochim. Ac., 60:
3631-3642.

Ikram, M.M., Ismail, A., Yap, C.K. and Azwady, A.A.N. 2010. Levels of
heavy metals (Zn, Cu, Cd, and Pb) in mudskippers (Periophthalmodon
schlosseri) and sediments collected from intertidal areas at Morib and
Remis, Peninsular Malaysia. Toxicological and Environmenta, 92:
1471-1486.

lllies, E. and Tombacz, E. 2006. The Effect of humic acid adsorption on
pH-dependent surface charging and aggregation of magnetite
nanoparticles. J. Colloid Interf. Sci., 295: 115-123.

Kalal, SH., Panahi, A.H., Faramarzi, N., Moniri, E., Naeemy, A., Hoveidi,
H. and Abhari, A. 2011. A New chelating resin for preconcentration
and determination of molybdenum by inductive couple plasmaatomic
emission spectroscopy. Int. J. Environ. Sci. Tech., 8: 501-512.

Kalesh, N.S., and Nair, SM. 2005. The accumulation levels of heavy met-
as (Ni, Cr, Sr, & Ag) in marine algae from southwest coast of India.
Toxicological and Environmenta, 87: 135-146.

Li, Q., Kang, C.B. and Zhang, C.K. 2005. Wastewater produced from an
oilfield and continuous treatment with an oil-degrading bacterium.
Process Biochem., 40: 873-877.

Lian, JJ.,, Xu, S.G., Yu, CW. and Han, C.W. 2012. Removal of Mo(V1)
from agueous solutions using sulfuric acid-modified cinder: Kinetic
and thermodynamic studies. Toxicological and Environment, 94: 500-
511.

Lu, JJ, Lu, X.C., Wang, R.C,, Li, J., Zhu, CJ. and Gao, J.F. 2006. Pyrite
surface after Thiobacillus ferrooxidans leaching at 30°C. Acta Geol.
Sin-engl., 80: 451-455.

Mamtaz, R. and Bache, D.H. 2001. Reduction of arsenic in groundwater
by coprecipitation with iron. J. Water Supply Res. T., 50: 313-324.

Meers, E., Rousseau, D.P.L ., Lesage, E. Demeersseman, E. and Tack, F.M.G.
2006. Physical-chemical P removal from the liquid fraction of pig

619

manure as an intermediary step in manure processing. Water Air Soil
Pollut., 169: 317-330.

Moret, A. and Rubio, J. 2003. Sulphate and molybdateions uptake by chitin-
based shrimp shells. Miner. Engg., 16: 715-722.

Moselhy, M.M. Sengupta, E.A.K. and Smith, R. 2011. Carminic acid modi-
fied anion exchanger for the removal and preconcentration of Mo(V1)
from wastewater. J. Hazard. Mater., 185: 442-446.

Namasivayam, C. and Prathap, K. 2006. Uptake of molybdate by adsorp-
tion onto industrial solid waste Fe(I11)/Cr(111) hydroxide: Kinetic and
equilibrium studies. Environ. Technol., 27: 923-632.

Namasivayam, C. and Sangeetha, D. 2006. Removal of molybdate from
water by adsorption onto ZnCl, activated coir pith carbon. Bioresour.
Technol., 97: 1194-1200.

Namasivayam, C. and Sureshkumar, M.V. 2009. Removal and recovery of
molybdenum from aqueous solutions by adsorption onto surfactant
modified coir pith, alignocellulosic polymer. Clean-Soil Air Water,
37: 60-66.

Noh, J.S. and Schwarz, JA. 1988. Estimation of the point of zero charge of
simple oxides by mass titration. J. Colloid Interf. Sci., 130:
157-164.

Rodriguez-Leiva, M. and Tributsch, H. 1988. Morphology of bacterial
leaching patterns by Thiobacillus ferrooxiduns on synthetic pyrite.
Arch. Microbiol., 149: 401-405.

Sanhueza, A., Ferrer, |. J,, Vargas, T., Amils, R. and Sanchez, C. 1999.
Attachment of Thiobacillus ferrooxiduns on synthetic pyrite of vary-
ing structural and electronic properties. Hydrometallurgy, 51:
115-129.

Wu, C.H., Lo, S.L. and Lin, C.F. 2000. Competitive adsorption of molyb-
date, chromate, sulfate, selenate and selenite on AlLO,. Colloid. Sur-
face. A., 166: 251-259.

Xu, N., Christodoulatos, C. and Braida, W. 2006. Adsorption of molybdate
and tetrathiomolybdate onto pyriteand goethite: Effect of pH and com-
petitive anions. Chemosphere, 62: 1726-1735.

Yu,C., Xu, S, Gang, M., Chen, G. and Zhou, L. 2011. Molybdenum pollu-
tion and speciation in Nver River sedimentsimpacted with Mo mining
activitiesin western Liaoning, northeast China. Int. J. Environ. Res., 5:
205-212.

Zhang, J., Huang, X. and Liu, C.X. 2005. Nitrogen removal enhanced by
intermittent operation in a subsurface wastewater infiltration system.
Ecol. Engg., 25: 419-428.

Zhang, Y.Q., Amrhein, C. and Frankenberger, W.T. 2005. Effect of arse-
nate and molybdate on removal of selenate from an aqueous solution
by zero-valent iron. Sci. Total Environ., 350: 1-11.

Zhaoa, Y ., Taylor, J.S.and Chellam, S. 2005. Predicting RO/NF water qual-
ity by modified solution diffusion model and artificia neural networks.
J. Membrane Sci., 263: 38-46.

Nature Environment and Pollution Technology - Vol. 11, No. 4, 2012



