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SUMMARY

The removal of chromium from water down to environmentally acceptable levels is required because
of the toxicity of this contaminant species. The removal of chromium from water should be achieved in
an effective manner using relatively simple and inexpensive technology. Various technologies such as
ion exchange, membrane filtration, adsorption and reduction-filtration-precipitation have been employed
for removal of chromium from water. Adsorption is considered as a relatively simple and effective
technology with low operational cost.

Metal oxides such as manganese oxides have commonly been used as potential adsorbents for the
removal of heavy metals. However, the application of pure manganese oxides as viable adsorbents or
filter media in a flow-through (adsorber) column system is limited due to the low hydraulic conductivity
and extant colloidal form of the pure manganese oxides. Manganese-coated sand (MCS) has exhibited a
considerably appreciable adsorption capacity toward several heavy metal species which are present in
water as cations or as oxyanions. In this study, we focused on synthesizing and evaluating a novel MCS
sorbent with a high hydraulic conductivity as a potential sorbent for removal of two chromium species
[Cr(IIT) and Cr(VI)] from water. In order to investigate the adsorption mechanism and interactions
between the two chromium species with the MCS sorbent, we employed several surface characterization
techniques to analyze the crystallinity and surface oxides on the surface of the MCS sorbent, surface
charge, surface elemental composition and oxidation states of manganese and chromium before and after
adsorption. A surface complexation model was developed for the adsorption process based on the
experimental adsorption data and surface characterization results. A sustainability assessment was
performed to compare the sustainability of the MCS adsorber system with two other technologies used

for the removal of chromium from water.
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SUMMARY (continued)

Adsorption of chromium species onto pure manganese oxides was investigated to better understand
how the chromium species would interact with the more reduced forms of manganese oxides. The
adsorption of Cr(III) and Cr(VI) was evaluated using manganese (II) oxide (MnO) and manganese (III)
oxide (Mn203). A similar pattern of zeta potential measurements was observed for adsorption of Cr(III)
and Cr(VI) onto the MnO sorbent without a major PZC shift, suggesting the possible reduction of Cr(VI)
to Cr(III), which was later confirmed by the X-ray Photoelectron Spectroscopy (XPS) spectra analysis
that Cr(VI) was completely reduced to Cr(III) on the surface of the MnO sorbent concomitant with the
oxidation of Mn(II) to Mn(III). The appearance of both Cr(IIl) and Cr(VI) species on the surface of the
Mn>O3 sorbent after the adsorption of Cr(IIT) and Cr(VI) onto the surface of the Mn,Os sorbent may be
attributed to the intermediate oxidation state of manganese (II), enabling manganese (III) oxide to serve
as either a reductant or an oxidant for the transformation of chromium species.

The MCS sorbent was developed through the formulation of a coating of manganese (ILIII) oxides

on the surface of silica sand at a coating temperature of 220C° using manganese sulfate as manganese

source without adjusting the pH of the coating solution. The Langmuir and Freundlich adsorption
equations displayed favorable adsorption of Cr(III) and Cr(VI) onto the surface of the MCS sorbent,
suggesting the adsorption of chromium is a monolayer adsorption on the heterogenous MCS surface.
The MCS sorbent exhibited favorable adsorption toward both chromium species over a wide pH range
of 3-10. According to the adsorption parameters obtained from four adsorption equations (Langmuir,
Freundlich, Temkin, Dubinin—Radushkevich), the MCS sorbent displayed a stronger binding for Cr(VI)
than for Cr(III). The significant shift in the point of zero charge (PZC) observed for adsorption of Cr(III)
and Cr(VI) onto the surface of the MCS sorbent indicated that specific adsorption would be the main
adsorption mechanism. The coexistence of anions (HCO3", SO4* and PO4*") showed no negative impact

on the adsorption of Cr(III) onto the surface of the MCS sorbent, while the effect of the anions on the
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SUMMARY (continued)

adsorption of Cr(VI) followed the order: POs* >HCOs™ >SO4*. The MCS sorbent can be re-used in
multiple adsorption cycles, and can be successfully regenerated using 0.01 N NaOH solution without a
major loss of adsorption capacity. The X-ray Diffraction (XRD) patterns along with XPS spectra results
confirmed that the surface oxides coated onto the MCS were a mixture of manganese (II) oxide and
manganese (III) oxide. The Scanning Electron Microscopy coupled with Energy Dispersive X-ray
(SEM-EDX) analysis indicated that the MCS sorbent employed in this study has a surface heterogeneity
with a non-uniform coating of manganese oxides. Partial reduction or oxidation of Cr(IIT) and Cr(VI) on
the surface of the MCS sorbent can be attributed to manganese (II, III) oxides present on the surface of
the MCS sorbent which may act as either a reductant or an oxidant.

The sustainability of the MCS adsorber system was quantified and compared with other commonly
used heavy metal removal technologies such as ion-exchange and reduction-filtration-precipitation from
environmental, social and economic perspectives. Overall, the MCS adsorber system was determined to
be the preferred technology for removal of chromium from water with intermediate environmental

impact, lowest economic burden and best social equity.
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CHPATERI
I. INTRODUCTION

1.1 Introduction

Chromium(Cr) is the 215 most abundance naturally occurring element in earth’s crust with average
concentration ranging from 80 mg/kg to 200 mg/kg [1]. It is the 24™ element on the periodic table
between vanadium and manganese and has an atomic mass of 51.996 g/mol. It is a lustrous and brittle
metal that shows silver-gray color. Chromium will immediately form a thin oxide layer when it is
directly exposed to oxygen. Chromium exists in several oxidation states, ranging from chromium (-II)
to chromium (+VI), while it is mostly present in two valence states of trivalent chromium [Cr (IIT)] and
hexavalent chromium [Cr (VI)] in environment [2], [3]. Basic chemical and physical properties are listed
in Table 1.1. Cr(III) is not toxic to plants and is an essential nutrient for animals and humans, while

Cr(VI) is a potential carcinogen and can pose health threat on human beings [4], [5].

Table 1. 1 Physicochemical properties of chromium

Density Melting Boiling Vander Waals Ionic radius ~ Standard

(at 20°C)  Point point radius potential

7.19g/cm®  1907°C 2672°C 0.127nm 0.061nm(+3); 0.71V(Cr/Cr*")
0.044nm(+6)

1.2 Environmental chemistry of chromium

Degrees of mobility, toxicity, and bioavailability of chromium species depend on the specific
oxidation states [2]. The Cr(III) oxidation state lying lowest in the Frost diagram indicates that Cr(III) is
the most stable oxidation state and obtains the lowest standard reaction Gibbs energy (Figure 1.1) in

acidic solution [6].
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Figure 1. 1 The Frost diagram for chromium (Cr) species

Oxidation states -2, -1, 0, and +1 majorly appears in synthetic organic-chromium compounds such
as the chromium carbonyls, chromium bipyridine and organometallic complexes [7]. Cr (0), which
occurs in metallic or native chromium, is rarely found in nature. Cr(II) generally occurs either as
insoluble chromium oxide(Cr203) and chromium hydroxide [Cr(OH)3] or as soluble chromium
hydroxide cations. Cr(VI) primarily occurs as soluble chromate(CrO4%) and dichromate(Cr,O7%) anions.
The chemical form of chromium species and equilibria between them in aerated solution are depended

on pH and redox potential [8], [9].



1.2.1 Cr(IN)

Cr(IIT) generally forms insoluble chromic oxide(Cr.03) from approximately pH 5.0 to 13.5 with
approximately Eh from +0.8 to -0.75V (volts). When pH is slightly less than 5.0, it dissolves to soluble
chromium hydroxide (CrOH?"). At a pH of greater than 13 with Eh from 0.05 to -0.8V, soluble anion

CrO; appears (Figure 1.2) [10].

The main Cr(III) species formed in aqueous system are Cr**, Cr(OH)?*, Cr(OH)3" and Cr(OH) 4 [11],

[12]. The predominant reactions are:

Cr3*t + H,0 & CrOH?** + H*

CrOH?** + H,0 & Cr(OH)Y + H*

Cr(OH)? + H,0 & Cr(0H) + H

Cr(0OH)S + H,0 © Cr(0H); + H*

Polymeric species such as Cro(OH):*", Cr3(OH)s* and Crs(OH)e*" can occur due to solution
polymerization of Cr(III) hydrolysis species [13], [14]. Low solubility of Cr(OH)3 limits aqueous Cr(I1I)
concentration at pH values greater than 5.0. Cr(II) typically behaves as “hard” Lewis acid and readily
couple with a variety of ligands: ammonium, cyanide, fluoride and sulfate and natural and synthetic
organic ligands containing oxygen, nitrogen or sulphur donor atoms [15]. Strong retention of Cr(III) on

soil surface greatly limits its bioavailability and mobility in soils and water.

1.2.2 Cr(VI)

In aqueous environment, under oxidized conditions, Cr(VI) is the most thermodynamically stable
oxidation state. Cr(VI) species primarily occurs soluble chromate (CrO4>) from approximately pH 6.0
to 14.0 with approximately Eh from -0.1V to +0.9V (Figure 1.2) [16]. In the pH between 1 and 6,

HCrOy is the predominant species until Cr(VI) concentration > 102! M then dichromate ion (Cr,07*")
3



is formed, which is rarely found in natural waters [17].

2HCrO; = Cr,02~ + H,0 K = 1022

Cr(VI) exhibits a much greater bioavailability and mobility in natural environment than Cr(III)
because of solubility difference. In natural systems, the presence and distribution of different Cr(IIl) and
Cr(VI) species depend on various processes including oxidation/reduction and adsorption/desorption

reactions.

Eh/V

Figure 1. 2 Eh-pH diagram for chromium
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1.2.3 Oxidation-reduction of chromium

Eh-pH diagram for chromium can provide a generalized distribution of aqueous species and their
redox stabilities based on chemical equilibrium. Chromium may undergo changes if the redox conditions
are altered in the environment. The redox reactions of Cr(IIl) and Cr(VI) require another redox couple
functioning as electron donor or accepter. In natural aquatic systems, there are several predominant

redox couples including H-O/Ox(aq), Mn(I1)/Mn(IV), Fe(I1)/Fe(Ill) and CH4+/CO> [18].

1.2.3.1 Oxidation of Cr(III)

Chromium(VI) is a strong oxidizing agent and the Cr(VI)/Cr(IIl) couple obtains a relatively high
redox potential. There are merely a handful of oxidants existed in natural environments that are capable
of oxidizing Cr(IIl) to Cr(VI) [19]. Dissolved oxygen was found to oxidize Cr(IIl) into Cr(VI) at a
relatively slow rate at room temperature [20]. Therefore, it enables Cr(Ill) to be involved in faster
reactions (sorption or precipitation). Manganese oxides have proven to be responsible for most Cr(III)
oxidation in natural systems [21], [22]. Manganese oxides appear in the subsurface as grain coatings,
deposits in fractures, or as finely disseminated grains. Bacterial metabolic activities sometimes are in
relation with this presence [23]. The reaction rate is likely related to amount, surface area and crystalline
structure of manganese oxides. The kinetic of Cr(IIl) oxidation is initially rapid and then slow down
drastically. Direct microscopic and spectroscopic evidence revealed that a new phase of Cr(OH)3;-nH>O

precipitate was formed on the Mn surface and then inhibited oxidation [24].

The oxidation reaction between manganese oxides and Cr(III) occurs as three sequential steps:

(1) Cr(IIT) is first sorbed onto the activate sites of the MnO» surface,
(2) Cr(III) is oxidized to Cr(VI) by surface Mn(1V),

(3) Cr(VI) and Mn(II) are produced by the redox reaction taken place on the surface.



The redox reaction occurred on the MnOs surface can be expressed as [19]:

2Cr3t + 36 - Mn0,(s) + 2H,0 = 2HCrO; + 3Mn?**

Cr(OH)?** + 36 - Mn0,(s) + 3H,0 = HCrO; + 3MnOOH(s) + 3H™

1.2.3.2 Reduction of Cr(VI)

Cr(VI) can be readily reduced to Cr(IIl) forms in presence of numerous reducing agents commonly
found in the environment. Dissolved Fe(II), minerals with Fe(Il), sulfides and organic matter appear to
be the predominant reductants for chromium species [9], [25], [26]. Dissolved sulfides can be generated
from industrial wastes and decomposition of organic matter. Weathering of minerals with Fe(II) and
industrial wastes produce dissolved ferrous ion. Eary and Rai [27] discovered that Cr(VI) is reduced by
dissolved ferrous ions in seconds and by Fe(II)-containing oxides and silicate minerals in hours to days.

The reduction of Cr(VI) by Fe(Il) can be expressed as follow:

[3FeO0] + 6H* + Cr(VI)(aq) = Cr(II)(aq) + 3Fe(IIl)(aq) + 3H,0

This reaction can be complete in less than 5 min in laboratory studies. In acidic waters, this reduction
yields Cr(III) and Fe(III) or Cr(III)/Fe(IIl) co-precipitates in form of (Cr, Fe)(OH); in groundwater of
pH more than 4 [28]. Cr(OH); is probably the end product under neutral to alkaline conditions because
of the relatively low solubility of Fe(OH)s. There are a diverse and widely distributed group of bacteria
capable of reducing iron oxides while oxidizing organic compounds. This metabolic pathway can
produce Fe(Il) and catalyze the reduction of Cr(VI). The capacity for soils to reduce and immobilize

Cr(VI) could improve dramatically by iron respiration [9].

Organic matter high in soils such as amino-acids, humic and fulvic acids can also reduce Cr(VI) to
Cr(III) [29]. The reduction was only appreciable in soils of pH less than 3. Intermediate Cr(VI) species

are formed and gradually decay into Cr(III).



1.2.4 Adsorption-desorption of chromium

Cr(III) can be readily and specifically adsorbed by Fe and Mn oxides, clay minerals and sand as a
cationic metal [22]. The experimental data showed that the adsorption of Cr(III) onto clay minerals and
Fe oxides is rapid, with about 90% Cr(III) being adsorbed in 24 hours [30]. The adsorption of Cr(III)
increases with pH as the mineral surfaces becomes more negatively charged and decreases with other
competing inorganic cations or dissolved organic ligands present [31]. Cr(VI) is generally adsorbed by
minerals that obtain positively charged surfaces due to its anionic nature. Mn, Al and Fe oxides and
hydroxides that have exposed inorganic hydroxyl groups on their surfaces often are present at significant
level in environment [32]. Adsorption of Cr(VI) can be described as a surface complexation reaction

between chromate ions and hydroxyl sites on mineral surface [33]:

SOH + H* + Cr02~ = SOHJ — Cro2~

Cr(VI) adsorption is controlled by the solution pH, surface sites concentration, reaction equilibrium

constant and competing anion present.

1.3 Sources of chromium

Chromium(Cr) can be found in various environmental media including surface and ground water, soil
and sediments, air and all biota [21]. Chromium enters into the environment via either naturally
occurring or anthropogenic pathways.
1.3.1 Natural sources

Chromium (Cr) has been reported as the 215 most abundance element in Earth crust. Cr levels average
from 5 mg/kg in coal to 20 mg/kg in limestone and to 300 mg/kg in basaltic rock and 2300 mg/kg in
ultramafic rock (Table 1.2) [34]. Cr occurs naturally in two minerals: chromite and crocoite. Crocoite is
unusual in appearance but rarely found. The chief commercial source of Cr is chromite (FeCr204). The
chromite ore found as bands, layers, pods and lenses are mostly in magnesium-rich ultramafic rocks [20].

Cr can be replaced by Mg, Al, Fe and Ca because of their crystallochemical similarity, reducing the Cr
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concentration in chromite mineral to about 40%. Chromite is physically refractory and chemically inert.
Cr is locked up in immobile Cr(IIl) state. When the basic anhydrides, such as MgO, FeO, and CaO
come in contact with water, they can release their hydroxides to create an alkaline environment [35].
The diuretic alkaline environment at the chromite-water interface in an oxidized chromite-bearing
ultramafic rocks indicates the possibility of Cr(IIl)/Cr(VI) transformation and therefore poses hazards
of Cr(VI) contamination to the adjacent water bodies [36]. Mining activities can increase the rate and
intensity of the process of mobilization of Cr species. Godgul et al. [37] conducted a combined filed and
laboratory study on chromite-bearing oxidized serpentinite rocks of Sukinda in Orissa, India. The results
of chemical analysis of stream water and hydrolysate incrustation on detrital grains taken from stream
beds indicate the possible mobilization of chromium from the chromite ores. Elevation of chromium
concentration in groundwater has been detected in Leon Guanajuato Valley, Central-Mexico. Studies
showed that ultramafic units and their alteration products obtain highest possibility to liberate chromium
into water bodies [38]. Recent and past tectonic and hydrothermal activities have enhanced the process

of chromium leaching into water.

Table 1. 2 Chromium concentration in earth crust and rocks

Material Cr concentration (mg/kg)
Bulk continental crust 126

Upper continental crust 35

Ultramafic rock 2300

Ocean ridge basalt 300

Limestone 5

Coal 20




1.3.2 Anthropogenic sources

Chromium is an important industrial metal in a variety of diverse products and process and has been
majorly consumed by chemical (15%), metallurgical (67%) and refractory (18%) industries.
Metallurgical industry uses Cr as an alloy element to produce a series of alloys including Fe, Ni and Co
(Table 1.3) [39]. The primary source of chromium contamination originated in industrial processes such
as electroplating, leather tanning operations, pigment manufacturing and textile manufacturing (Table
1.4) [34], [40]-[43]. Cr and other metals are released into soils and ground water by leachate generated
from solid waste landfills and mining wastes, seepage from lagoon wastewater treatment system, and
leakage from industrial process such as metal plating and wood preserving, whereas emission to the

atmosphere is a result of fossil fuel combustion, steel production and stainless steel welding [44].

Table 1. 3 Common chromium alloys

Alloy Cr Concentration (%)
Low Cr steel 0.5-5

Low Cr iron 0.2-4

Medium Cr steel 3-12

Stainless steel 12-18

Stainless irons 12-15

Cr-Ni-Fe alloys 14-30

Cr-Co alloys 20-35




Table 1. 4 Different sources and chromium concentration in water and soil

Country Species Media Source Concentration
(soil mg/kg)
(water mg/L)

USA (New Jersey) Cr(total) Water Mining 30

USA (New Jersey) Cr(total) Soil Mining 53,000

UK (Glasgow) Cr(total) Water Mining 169

Brazil (Iraja river) Cr(total) Sediment Electroplating 60,000

USA (Oregon) Cr(total) Soil Electroplating 60,000

USA (Oregon) Cr(VI) Water Electroplating 19,000

Poland Cr(total) Water Tannery 1.18

Poland Cr(total) Soil Tannery 5.79

1.4 Toxicology of chromium

1.4.1 Human nutrient

The role of chromium to maintain normal glucose tolerance in animals was reported almost five
decades ago. Improved glucose tolerance by chromium supplementation in human was then reported.
The Food and Nutrition Board of the U.S. categorized trivalent chromium as an essential nutrient and
the estimated safe and adequate dietary intake for Cr is 50-200 pg/day [45]. The results of several human
studies suggested that 1) chromium deficiency can cause insulin resistance. 2) chromium
supplementation can alleviate the symptom of insulin resistance triggered by chromium deficiency. 3)
chromium deficiency can be a major cause of insulin resistance [46]. Several risk factors of
cardiovascular disease, in addition to insulin resistance, can be improved by Cr supplementation.

Chromium is an essential microelement for carbohydrate, lipid, and protein metabolism [47]. There still

are some uncertainties of specific mechanism.
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1.4.2 Toxicology

Trivalent chromium is considered as an essential element for humans in moderate intake whereas
hexavalent chromium is considered harmful even in small dosage. Hexavalent chromium is classified as
a known human carcinogen via inhalation [48]. Cr(VI) generated from anthropogenic and natural sources

has relatively high environmental mobility and bioavailability in water bodies compared to Cr(III).

Structural similarity of chromate ion, the predominant form of Cr(VI), to sulfate ion allows its easy entry
through general sulfate channels [49]. Cellular metabolism of Cr(VI) can cause both oxidative and
nonoxidative forms of DNA damage. Occupational exposures to Cr(VI) via inhalation has been
extensively studied and consistently been found to increase the cancer risks in respiratory system
whereas epidemiological evidence about the carcinogenicity of Cr(VI) via ingestion in humans is limited
[50], [51]. Zhang and Li [52] reported that the drinking water heavily contaminated with Cr(VI) that
released by chromate ore mining activities in Liaoning Province of China increased mortality from
stomach cancers among the rural residents there. Exposure of Cr(VI) in drinking water induced tumors
in the alimentary tract in the mouse small intestine. Bioavailability studies suggest that 10-20% of
ingested low-dose Cr(VI) escapes human gastric inactivation [48]. The similar structural of chromate
ion and sulfate ion allows the chromate ion entry through cell membrane sulfate channel. The biological
reduction of Cr(VI) in vivo by ascorbate, small thiols and cysteine can produce highly mutagenic
chromium species. Cancer-promoting Cr-DNA damage is induced in cells of human digestive system.
The primary type of DNA damage is Cr-DNA adducts, which cause mutations and chromosomal breaks
[49]. Multispecies and multisite carcinogenicity of Cr(VI) strongly suggest Cr(VI) exposure via oral

route by drinking water ingestion is classified as likely to be carcinogenic to humans.

1.5 Treatment technologies of chromium
The properties of Cr are highly dependent on the oxidation state of Cr. Cr(VI) species, mainly in
forms of oxyanions, are soluble in water and therefore considerably more mobile and accessible than

Cr(IIT) species, mainly in forms of cations, which may easily precipitate by raising the pH. It is
11



considered as more challenging to remove Cr(VI) species from water. Trivalent chromium is considered
as an essential element for humans in moderate intake whereas hexavalent chromium is considered
harmful even in small dosage. There are several treatment technologies can be applied to remove Cr(VI)
from water discussed as follows.
1.5.1 Reduction

Laboratory and pilot-studies with different electron donors as S, Fe(Il) or Fe(0) have demonstrated
that there is a high potential of successful removal [53]-[55]. Powell et al. [56] studied the reduction of
Cr(VI) by elemental ion and the kinetics and mechanism of Cr(VI) reduction. Experimental data
confirmed that Cr(VI) was reduced to Cr(IIl) by Fe’ and co-precipitated with iron as CrxFe(1-x(OH)s.
The use of zero-valent iron nanoparticles with a diameter of 10-30nm supported on a polymer resin as
reductant for hexavalent chromium was reported by Ponder et al. [57]. The supported zero-valent iron
can reduced Cr(VI) 7-12 times faster than the same amount of iron power and reduce Cr(VI) 5 times
more than iron filings over the same period of 60 days. Cr(VI) was reduced into Cr(III) while zero-valent
iron was oxidized into goethite. Hydrogen sulfide was also proven to be an effective reductant for Cr(VI)
[58]. The reduction of Cr(VI) into Cr(III) by chromium reducing bacteria, yeast, and fungi was also
extensively studied [59]-[62]. Kang et al. [61] investigated the biosorption of both chromium species
onto the cell surface of Pseudomonas aeruginosa. Cr(Ill) ions mainly adsorbed by formation of
complexation with the functional groups such as carboxyl and amino groups appeared on the cell surface,

while Cr(VI) acted as an electron acceptor and was reduced into Cr(III) on the cell wall.

1.5.2 Ton exchange

The application of ion exchange for heavy metal removal from water or industrial wastewater is well
established for its high selectivity and chemical and mechanical stability [63]-[65]. Trivalent chromium
species, as cation ions, can be removed through acidic cation exchanger, while hexavalent chromium
species, as oxyanions, can be removed through basic anion exchanger. Co-existence of both chromium

species in industrial wastewater generally involves two stages for removal of chromium using ion-
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exchanger. Cr(III) is first oxidized into Cr(VI) and the wastewater was introduced to a strong base anion
exchange column [63]. Sapari et al. [64] employed Amberlite IR-120 as a cation exchanger for Cr(III)
removal and Dowex 2-X4 as an anion exchanger for Cr(VI) removal and the results showed that the total
removal for both chromium species were achieved. Aliquat 336, a common liquid-liquid extractant, was
impregnated onto a strong base ion exchange resin (Amberlite XAD-4) to increase the stability of the
ion exchange system. The removal of Cr(VI) was performed on the modified anion exchange resin in a
column setting. Aliquat 336 modified Amberlite XAD-4 can be used for five consecutive adsorption
cycles without signification removal loss. The existence of chloride ions showed low impact on Cr(VI)
removal, while the presence of sulfate ions decreased the removal of Cr(VI) by 14% for this novel
solvent modified resin.

1.5.3 Membrane filtration

Membrane filtration is another widely used and studied technique for chromium removal due to its
simple operation and high flexibility [66]-[70]. A multi-layer ceramic membrane was developed for the
removal of trivalent chromium and the results showed a 99% removal of Cr(IIl) was achieved at the
contact time of 1 hour with the initial concentration of Img/L [68]. Hexavalent chromium, existing as
an oxyanion in aqueous environment, may be removed by anion-exchange membrane. Dzyazko et al.
[71] synthesized and investigated a microporous composite ceramic membrane using hydrated
zirconium dioxide as effective ion-exchange component for hexavalent chromium removal. The ceramic
membrane developed in this study was proven to be permeable to chromate ions at acidic pH and
successfully remove Cr(VI) from water. Bohdziewicz [72] studied the removal of Cr(VI) from abyssal
water by ultrafiltration process using two different membranes both produced from a non-matted
polyacrylonitrile fiber (PAN). The ultrafiltration process can be enhanced by addition of complexing
agent (hexadecylpyridine chloride) into the solution. The results showed that the maximum chromium
removal efficiency reached at 97.8% when the ratio of chromate to complexing agent is 1:5 and pH of

the solution is 6. A combination of ultrafiltration with other removal technologies such as adsorption
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and complexation can be effective alternative for improving chromium removal efficiency from water

or wastewater.

1.5.4 Adsorption

Adsorption is regarded as a relatively effective and promising technology with low operational and
maintenance cost due to the high capacity toward heavy metals and the regenerability of the most
adsorbents. Various natural or synthetic materials such as activated carbon, biosorbents and minerals
have been considered and evaluated as a potentially cost-effective adsorbent for chromium removal [32],
[73]-[76].

1.5.4.1 Activated carbon

Activated carbon is the most studied potential adsorbent for chromium removal from water or
wastewater and can be produced from a variety of raw materials. Activated carbon is considered to be
an desirable adsorbent material for chromium removal because its properties such as high porosity and
surface area can contribute to more active adsorption sites, which is beneficial for adsorption process
[77]. The presence of a wide spectrum of functional groups such as carbonyl and hydroxyl groups on
the surface of activated carbon can also facilitate the adsorption process. Powder-activated carbon (PAC),
granular-activated carbon (GAC), activated carbon fibrous (ACF), and activated carbon clothe (ACC)
are the four main types of activated carbon employed in application of water or wastewater treatment
[73]. Different raw materials selection and chemical activation process can result in vastly different
surface chemical or physical characteristics of activated carbon such as shape, porosity, particle size,
surface area and surface functional groups that can be either beneficial or detrimental for chromium
removal from water or wastewater [78]-[81]. However, activated carbon is not commonly considered
at Cr-contaminated sites, owing to practical considerations. Studies showed that chromium adsorption
onto activated carbon is controlled by solution pH and the maximum adsorption capacity generally
achieved at extremely acidic level (pH 1-3), which renders chemical pretreatment necessary. There are

also activated carbon prepared from other sources such as coconut shell, hazelnut shell and dust coal
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[82]-[84].

Table 1. 5 Adsorption capacity for different activated carbons

Activated carbon Cr uptake (mg/g) Surface area pH Reference
PAC 390.00 1264 2.0 [77]
PAC 145.00 - 2.5-3.0 [85]
GAC 53.19 832 2.0 [86]
ACF 40 - - [87]

1.5.4.2 Biosorbents

Biosorbent has been considered to an ideal alternative adsorbent for removal of chromium from water
due to its naturally availability, low operational cost and environmental benignity. Various biosorbents
such as agricultural waste, chitosan based composite, plants and bacteria biomass have been applied to

remove heavy metals [88]-[91].

Agricultural and industrial wastes such as saw dust, straw, grape fruit peelings and waste fertilizer
slurry were studied as possible inexpensive bisorbents for chromium decontamination. Saha et al. [92]
reported chromium removal from contaminated water using devil tree saw dust. The maximum uptake
of chromium (333.33mg/g) achieved at extreme acid environment of pH 2.0 and the adsorption can be
better described by pseudo-first-order kinetics. Sorghum straw, oats straw and agave bagasse were also
explored for chromium removal [93]. Agave bagasse exhibited the highest adsorption capacity towards
chromium among these three agro-waste biosorbents. The functional groups of carboxyl and hydroxyl
groups commonly existed in agro-waste materials were the major chromium-binding sites and the
possible mechanisms of chromium adsorption onto agriculture waste were ion exchange and
complexation [92]-[95]. Chitosan, a product of deacetylation of chitin, has been intensively investigated

and identified as a superior adsorbent for heavy metal removal [96]. In order to facilitate the
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commercialization of the chitosan based sorbent, the attempts have been made to modify and improve
the chitosan sorbent by developing chitosan composite biosorbents. Kumar et al. [97] investigated
chromium removal from industrial wastewater by cellulose-montmorillonite composite material and
their results showed that this biopolymer composite was effective for chromium adsorption. The
maximum adsorption capacity was found to be 22.2mg/g at pH 5.0 and the adsorption process followed
the second order kinetics. Boddu et al. [§9] developed and characterized an alumina supported chitosan
sorbent for treatment of chromium in wastewater. The maximum adsorption capacity was obtained by
fitting the adsorption equilibrium data to Langmuir isotherm model as 153.85 mg/g. The chromium
adsorption by chitosan coated with poly 3-methyl thiophene for chromium removal was studied as a
function of contact time, initial chromium concentration, adsorbent dosage, pH and temperature[98].
The optimum adsorption pH was determined to be pH 2.0 and the higher temperature enhanced the
chromium adsorption process. Chitosan coated with poly 3-methyl thiophene can be successfully
regenerated using 0.01 M NaOH without significant loss of sorption capacity. Table 1.6 and 1.7

summarized adsorption capacity of chromium by a series of biosorbents.

Table 1. 6 Adsorption capacity of hexavalent chromium by different biosorbents

Adsorbent pH Initial Adsorbent Adsorption  Adsorption Ref.
concentration dosage (g/L) isotherm capacity
(mg/L) model used (mg/g)
Cellulose-clay 5 20 20 Langmuir 22.2 [97]
composite
Devil tree saw 2 400 20 Langmuir 333.33 [92]
dust
Seaweed 2 650 4 Langmuir 38 [94]
Alumina 4 1200 10 Langmuir 153.8 [89]
supported
chitosan
Grapefruit 5.5 35 24 Langmuir 39.0628 [91]
peelings
Chitosan coated 2 200 1 Langmuir 99.02 [98]
with poly 3-
methyl
thiophene
polymer
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Table 1. 7 Adsorption capacity of trivalent chromium by different biosorbents

Adsorbent pH Initial Adsorbent Adsorption  Adsorption  Ref.
concentration dosage (g/L) isotherm capacity
(mg/L) model used (mg/g)
Sorghum straw 4 100 1 Langmuir 6.96 [93]
Oats straw 4 100 1 Langmuir 12.97 [93]
Agava bagasse 4 100 1 Langmuir 11.44 [93]
Seaweed 4 650 4 Langmuir 40 [94]

1.5.4.3 Minerals

Natural or modified minerals have gained excessive attention for removal of heavy metals in aqueous
environment because of its ubiquitous appearance in the environment and economic feasibility [99].
Natural minerals such as diatomite, dolomite, bentonite and vermiculite have been proven to be effective

adsorbents for chromium species [100]-[103].

Natural clay minerals including bentonite, vermiculite and montmorillonite are vastly employed as an
effective adsorbent for the treatment of heavy metals in water body [103], [104]. Khan et al. [102]
evaluated bentonite as a possible sorbent for the removal of chromium (III), chromium (VI) and silver
() from industrial waste water. The adsorption mean energy (E) obtained from Dubinin-Radushkevich
(D-R) isotherm equation was indicative of the mechanism of Cr(VI) adsorption onto bentonite was
through ion-exchange process, while the adsorption of Cr(IIl) and Ag(I) did not fit the D-R equation.
The optimum pH for adsorption processes were selected as 6.5 for Ag(I), 3.5 for Cr(Ill) and 2.0 for
Cr(VI). They also discovered that the adsorption of Cr(IIl) and Ag(I) were favored at lower temperature,
whereas the adsorption of Cr(VI) was favored at higher temperature. El-Bayaa et al. [103] assessed the
effect of ion strength on the adsorption of copper and chromium onto vermiculite. The studied
vermiculite exhibited higher adsorption capacity towards Cr(Ill) than Cu(Il) and this preferential
adsorption can be attributed to that Cr(IIl) obtains a larger charge and smaller ion radius resulting in

greater accessibility to the active adsorption sites. Dolomite is another potential low-cost sorbent for
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chromium removal from wastewater stream [101]. Batch adsorption tests have been carried out at
different contact time and temperature to study the kinetics and thermodynamics of chromium adsorption
onto dolomite. The experimental data showed that this adsorption process can be better explained by
pseudo first-order kinetic model and the sorption of chromium is exothermic in nature. The application
of negative-charged mineral for Cr(VI) removal is limited due to the possible electrostatic repulsion
between the negative-charged surface and anionic chromate. Modifying mineral with cationic surfactant
provides an alternative approach to circumvent this limitation. Montmorillonite modified by
cetylpyridinium bromide was investigated for removal of hexavalent chromium from water as a function
of pH and contact time [105]. The results showed that modified montmorillonite was effective over a
wide pH range and the adsorption equilibrium data can be best described by Langmuir isotherm.

Adsorption capacity for chromium using different minerals were summarized in Table 1.8 and 1.9.

Table 1. 8 Adsorption capacity of hexavalent chromium by different minerals

Adsorbent pH Initial Adsorbent Surface area  Adsorption  Ref.
concentration dosage (g/L) (m?¥g) capacity
(mg/L) (mg/g)
Modified kaolinite 4 20 10 7.02 27.8 [106]
Modified 4.5 150 10 10 18.05 [105]
montmorillonite
Maghemite 4 0.5 1.5 73.8 10.01 [107]
nanoparticles
Dolomite 2 50 1 4.63 40 [101]

Table 1. 9 Adsorption capacity of trivalent chromium by different minerals

Adsorbent pH  Initial Adsorbent Surface area  Adsorption  Ref.
concentration dosage (g/L) (m?¥g) capacity
(mg/L) (mg/g)
Vermiculite 4 200 1.25 8.257 46.948 [103]
Bentonite 3.5 156 50 34 20.8 [102]
Clay mineral 2.6 520 2.5 16 24.96 [108]
Bentonite clay 2.5 200 10 46.61 49.75 [104]
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1.2 Research objectives

Metal oxides such as iron oxides and manganese oxides have been commonly used as effective
adsorbents of heavy metals. The heavy metal species can be adsorbed through electrostatic forces or
formation of surface complexes or reduction followed by precipitation on the metal oxides [109]-[114].
Nevertheless, the application of pure manganese oxides as viable adsorbents or filter media in a column
setting is limited due to that manganese oxides have relatively low hydraulic conductivity and generally
exist in colloidal form or nonmaterial form resulting in difficult separation from water body after use
[115]. Therefore, manganese oxides have been coated onto various supporting medias such as zeolite,
bentonite, alumina and silica sand to improve the mechanical stability [16], [22]-[24]. Manganese-
coated sand (MCS) has been used for removal of a variety of heavy metals either in the formats of cations
such as lead (Pb**), copper (Cu?"), zinc(Zn?") or in the formats of oxyanions such as arsenic (H2AsO3)
and uranium [UO(COs),*] and has the potential to be an effective adsorbent for the removal of
chromium from water [115], [119]-[122]. Modifying the procedure of synthesizing the manganese oxide
coated sand to get a re-usable and re-generable sorbent is another focus of this project. In this research
project, we plan to synthesize the MCS sorbent as an efficient, applicable and inexpensive sorbent for
removal of chromium from water and then investigate the interactions between chromium species with

manganese oxide at solid/solution interfaces.

1.2.1 Adsorption capacity and adsorption mechanism

The adsorption of chromium from water onto the MCS sorbent will be evaluated as function of sorbent
dosage, time, solution ionic strength and co-existing ions, and solution pH. The (batch) adsorption
capacity will be determined by performing adsorption equilibrium isotherm experiments. The adsorption
mechanism will be investigated by performing adsorption kinetics experiments, surface charge analysis,

evaluation of adsorption equations, determination of surface oxides, the effect of pH, and possible other
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factors. The potential for the re-use of the MCS sorbent will be determined after the regeneration of the

spent MCS sorbent.

1.2.2 Adsorbent characterization

The MCS will be characterized in terms of its material matrix, manganese content, surface area,
crystallinity and oxide constituents, surface elemental composition, surface oxide (groups) and surface
charge. The surface area will be determined using BET surface area analyzer. The crystallinity (and
oxide constituents) and particle size/clusters will be determined using X-ray Diffraction (XRD). The
surface elemental composition will be determined using Scanning Electron Microscope (SEM) coupled
with Electron Dispersive Spectroscopy (EDS). The surface manganese oxides will be investigated using
X-ray Photoelectron Spectroscopy (XPS). The surface charge will be determined by the measurement

of the zeta-potential.

1.2.3 Geochemical modeling

The adsorption of chromium species onto the MCS sorbent will be evaluated with respect to the
interaction of chromium species with the solution/sorbent interface. The predominance and stability of
the major chromium species in the solution will be determined by geochemical modeling using the

“Geochemist Work Bench” and “Visual MINTEQ”.

1.2.4 Adsorption system/adsorber sustainability analysis

The MCS adsorption treatment technology for the removal of Cr(VI) will be assessed by a life cycle
analysis (LCA) using SimaPro with comparison to two other Cr(VI) removal technologies. The treatment
system is divided into two main processes: upstream processes (adsorber construction) and operation
processes (operation and maintenance). Materials and energy inputs, such as electricity and chemicals,
are calculated based on technical design parameters and functional unit. In this way, an inventory of

materials and energy of construction and operation phases are developed for the MCS adsorber system.
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The environmental impact assessment will be evaluated using TRACI method. TRACI, the tool for the
Reduction and Assessment of Chemical and Other Environmental Impacts, is a database developed for
North America. The capital costs including equipment, construction, professional services and discharge
fees and annual operational & maintenance costs including chemicals, labor, energy, and analytical cost
will be estimated. Moreover, social impacts of three technologies will be evaluated using comprehensive

indicators over the different life stages.
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CHAPTERII
II. DEVELOPMENT OF MANGANESE-COATED SAND
2.1 Introduction

Chromium (Cr) is a metal that exists in several oxidation states, ranging from chromium (-II) to
chromium (+VI), whereas it is mostly present in two valence states of trivalent chromium and
hexavalent chromium in natural water [1], [2]. Hexavalent chromium compounds are well known as
laboratory reagents and manufacturing intermediates. Major sources of hexavalent chromium in drinking
water are discharged from steel industry, pulp mills, or metal plating operations [3]. There is strong
evidence to consider hexavalent chromium as carcinogen that can pose serious hazards towards human
beings, therefore the removal of hexavalent chromium from source of drinking water is an important
health concern [4], [5]. The removal of chromium from natural waters down to environmentally
acceptable levels is required because of the genotoxic, mutagenic and carcinogenic effects of chromium
species. The U.S. EPA Safe Drinking Water Act regulated that the maximum allowed total chromium
in drinking water is 0.1 mg/L.

Therefore, the application of a technology that is easy to operate and maintain for the removal of
chromium from water to ensure regulatory compliance is necessary. Various technologies for the
removal of chromium from water including ion exchange, reduction/filtration/precipitation and
membrane processes have been used [6], [7]. Hexavalent chromium may be removed from water using
adsorption. Adsorption is regarded as a relatively effective and promising technology with low
operational and maintenance cost due to the high capacity toward heavy metals and the regenerability
of the most adsorbents. A wide range of adsorbents have been considered for adsorption of chromium
including activated carbon, natural fibers, agricultural and industrial wastes, clays, zerovalent iron, metal
oxides and hybrid adsorbents [8]-[14].

Metal oxides such as iron oxides and manganese oxides have been commonly used as effective
adsorbents of heavy metals. The heavy metal species can be adsorbed through electrostatic forces or

formation of surface complexes or reduction followed by precipitation on the metal oxides [15]-[20].
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Nevertheless, the application of pure manganese oxides as viable adsorbents or filter media in a column
setting is limited due to that manganese oxides have relatively low hydraulic conductivity and generally
exist in colloidal form or nonmaterial form resulting in difficult separation from water body after use
[21]. Therefore, manganese oxides have been coated onto various supporting medias such as zeolite,
bentonite, alumina and silica sand to improve the mechanical stability [16], [22]-[24]. Manganese-
coated sand (MCS) has been used for removal of a variety of heavy metals either in the formats of cations
such as lead (Pb**), copper (Cu?"), zinc(Zn?") or in the formats of oxyanions such as arsenic (H2AsO3")
and uranium [UO(COs),*] and has the potential to be an effective adsorbent for the removal of
chromium from water [21], [25]-[28]. In this study, we plan to modify the procedure of synthesizing the
manganese-coated sand(MCS) including changing the source of manganese and coating temperature and
adjusting pH value to get an efficient, applicable and inexpensive sorbent for removal of chromium from

water.
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2.2 Materials and methods
2.2.1 Chemicals

The white quartz sand (SiO2) with 50-70 mesh particle size was obtained from Sigma-Aldrich (St.
Louis, MO, USA). De-ionized (DI) water was produced inside the laboratory with a resistance of greater
than 18 MQ. All other chemicals employed in this study were analytical grade. Manganese sulfate
monohydrate (MnSO4-H>O, 99+% purity, extra pure) and manganese chloride tetrahydrate
(MnCl>-4H>0, 99+% purity, for analysis) were purchased from Acros Organics (Fair Lawn, NJ, USA)
and used as manganese source for coating solution. Sodium hydroxide (NaOH, 99.5% purity, ACS
grade), sodium carbonate (Na,COs3, 100% purity, ACS grade), hydrochloric acid (HCI, ACS plus grade)
and nitric acid (HNOj3, trace metal grade) were obtained from Fisher Scientific (Fair Lawn, NJ, USA).
2.2.2 Coating method

40g silica sand was first soaked in 0.1M hydrochloride acid (HCI) solution for 3 hours and then rinsed
with deionized(DI) water to remove possible surface impurities. After dried in an oven at 110°C, the
acid-washed sand was stirred in 50mL of 1mol/L Na>2COs3 solution where S0mL of 1mol/L of manganese
source solution was added with or without additional pH adjustment using 6N sodium hydroxide (NaOH).
The sand and the coating solution were mixed for 24 hours to facilitate the coating procedure and the
solution residual was poured out. The coated sand were air dried for 12 hours and again dried in an oven
at 110°C for 4 hours before it was introduced into a furnace at different temperatures for 24 hours to
finish the coating process. Manganese coated sand (MCS) was cooled down and stored in an airtight

polyethylene container for future experimental use.
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2.3 Results and discussion

In order to optimize the preparation conditions for manganese-coated sand (MCS), we synthesized
MCS with different sources of manganese, pH values of the coating solution and coating temperatures
to select the final optimum MCS that will be used for all future studies.

Manganese chloride (MnCly) and manganese sulfate (MnSQO4) are two widely used manganese
sources for manganese oxides coated sorbents [28]—[31]. The sand was coated with 1M of MnCl
solution and 1M of MnSOj solution and the removal of hexavalent chromium [Cr(VI)] and manganese
content coated onto the sand were evaluated to decide which manganese source is more suitable for the
purpose of chromium removal. Results of chromium removal and manganese content shown in Table
2.1 are indicative of the superior manganese source for this study of chromium removal is MnSO4. MCS
coated with MnSOj4 obtained twice more chromium uptake and more manganese deposited on the sand
than MCS coated with MnCl,. Therefore, MnSO4 was selected in this study as manganese sources in

coating solution.

Table 2. 1 Adsorption efficiency and manganese content of different manganese sources

Manganese Source Removal(%) Manganese Content (mg/g)

Img/L Cr(VI) + DI solution

MnCl 48.16 0.78

MnSOg4 89.04 1.76

The pH value of the coating solution can be another important factor that affects the Cr(VI) uptake on
the final synthesized MCS [26], [32]-[34]. The pH of the coating solution (mixture of S0mL 1M of
Mn>SOy4 solution and 5S0mL 1M of Na>COs solution) without any pH adjustment is determined to be 10.
The coating process was also carried out with adjusting pH of the same solution mixture into 7, 9 and
11 to determine the optimum pH for coating the silica sand. From the results shown in Figure 2.1, it can

be seen that when the pH of the coating solution was adjusted to 9, the removal of Cr(VI) reached the
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highest level at 92%, compared to a merely 1.8% at pH 7 and 25% at pH 11. However, MCS coated with
no pH adjustment coating solution also exhibited a relatively high 89% Cr(VI) removal. Therefore, MCS
developed for future studies was coated with the coating solution mixture without pH adjustment because
this coating procedure can not only eliminate the use of strong acid such as hydrochloric acid to adjust
pH value of the coating solution without compromising the Cr(VI) uptake but also make the MCS

adsorbent more affordable and environmental benign.
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Figure 2. 1 Comparison of MCS coated with pH adjusted solution and no pH adjusted solution on
Cr(VI) removal
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The coating temperature has been known to control the mineralogy of metal oxides deposited onto
the surface of the metal oxides coated silica sand. Lo et al. [35] found that no crystalline iron oxide
formed at 60°C, goethite and hematite formed at 150°C, only hematite formed at 300°C and 500°C while
all other coating conditions such concentration and pH value remained the same. Chang et al. [36]
discovered that MCS prepared at 150°C obtained a mixture of pyrolusite and ramsdellite on the surface,
which changed to high crystalline pyrolusite when the coating temperature went up over 300°C. We
selected a series of different coating temperatures while other coating parameters such as manganese
source and pH value of the coating solution were adjusted to the same level. The batch adsorption test
were carried out with the final MCS coated under different coating temperatures. As shown in Figure
2.2, the removal of Cr(VI) decreases when the coating temperature increases. At the temperature range
of 120°C to 220°C, the highest removal of 96% was reached at the lowest coating temperature of 120°C
and a minor loss of the Cr(VI) removal (9%) can be observed when the coating temperature was raised
to 220°C. The Cr(VI) removal suddenly experienced a drastic drop from 87% to a merely 8% when the
coating temperature was further increased to 330°C and eventually exhibited no adsorption towards
Cr(VI) when the coating temperature reached the highest temperature at 550°C. This observation
suggests that the coating temperature is another crucial factor that controls both the structure and type
of manganese oxides finally formed on the silica sand surface, which can affect the hexavalent chromium
adsorption process profoundly. In contrast to the MCS coated at higher temperature, the manganese
oxides formed at lower coating temperature were likely in a more reduced form such as Mn(II) and
Mn(II). Therefore, the reduced form of manganese can be a potential way to reduce the hexavalent
chromium into less toxic trivalent chromium. The higher coating temperature can result in higher
attachment strength between silica sand and manganese oxides and less manganese leachate into solution
after adsorption (Figure 2.3). In order to remove hexavalent chromium without introducing excessive
manganese into the water system, 220°C is selected as the optimum coating temperature for this research.
Further microscopic investigations are necessary to confirm the mineralogy of the manganese oxides

coated onto MCS surface.
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2.4 Conclusion

In order to develop a process to coat manganese oxides onto silica sand and utilize the adsorption
capacity for hexavalent chromium of the coated sand, we investigated three coating parameters including
the source of manganese, the coating pH and the coating temperature.

The source of manganese played an important role in final adsorption capacity of manganese oxides
coated sand (MCS) toward hexavalent chromium [Cr(VI)] and the optimum manganese source for the
coating onto silica sand is MnSO4. The coating temperature exhibited a significant effect on the
mineralogy of the manganese oxides coated onto silica sand. Comparing the MCS coated at different
temperature, it can be observed that the removal of chromium decreases drastically when temperature
was raised above 220°C. The weak attachment strength between the manganese oxides and silica sand
formed at low temperature range from 120°C to 180°C resulted in the excessive release of manganese
ion into the solution. Therefore, 220°C is determined to be the optimum coating temperature because
MCS coated at 220°C obtained relatively high removal efficiency of Cr(VI) without releasing high level
of manganese ion into water system. Despite that the highest Cr(VI) uptake was achieved at 92% when
the pH of the coating solution was adjusted to 9, MCS coated without pH adjustment was considered to
more suitable for this study due to the face that we successfully eliminated the use of a strong acid with

a negligible loss of the removal efficiency of Cr(VI).
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CHAPTER III
II1. ADSORPTION OF CHROMIUM ONTO MANGANESE-COATED SAND: BATCH
STUDY

3.1 Introduction

Chromium (Cr) is a metal that exists in several oxidation states, ranging from chromium (-II) to
chromium (+VI), whereas it is mostly present in two valence states of trivalent chromium and
hexavalent chromium in natural water [1], [2]. The properties of chromium are highly dependent on
the oxidation state of chromium. Hexavalent chromium is considerably more mobile and toxic than
trivalent chromium, and is more difficult to remove from water due to the fact that Cr(VI) appears mainly
as the soluble oxy-anionic species of chromate (CrO4>") from pH 6.5 to 14, whereas the cationic Cr(III)
may precipitate as insoluble Cr(OH)3 in the same pH range [3], [4]. Several studies have shown that
Cr(VI) appears to be 10-100 times more toxic than Cr(Ill) via oral ingestion mainly because Cr(VI)
exhibits higher oxidizing strength and membrane transport [5]-[7]. While Cr(VI) has been categorized
as known human carcinogen via inhalation by the International Agency for Research on Cancer(IARC),
Cr(VI) ingestion via oral route has not been confirmed as carcinogenic for humans due to the lack of
epidemiological studies. But genotoxic, mutagenic and carcinogenic effects in multispecies produced by
consumption of Cr(VI) in drinking water were firmly established in multiple studies and there is
adequate evidence to classify Cr(VI) consumption through drinking water as likely to be carcinogenic
to humans [8]-[11]. Therefore, the application of a technology that is easy to operate and maintain for
the removal of chromium from water to ensure regulatory compliance is necessary. Various technologies
for the removal of chromium from water including ion exchange, reduction/filtration/precipitation and
membrane processes have been used [12], [13]. Hexavalent chromium may be removed from water using
adsorption. Adsorption is regarded as a relatively effective and promising technology with low
operational and maintenance cost due to the high capacity toward heavy metals and the regenerability

of the most adsorbents. A wide range of adsorbents have been considered for adsorption of chromium
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including activated carbon, natural fibers, agricultural and industrial wastes, clays, zerovalent iron, metal

oxides and hybrid adsorbents [14]—[20].

Metal oxides such as iron oxides and manganese oxides have been commonly used as effective
adsorbents of heavy metals. The heavy metal species can be adsorbed through electrostatic forces or
formation of surface complexes or reduction followed by precipitation on the metal oxides [21]-[26].
Nevertheless, the application of pure manganese oxides as viable adsorbents or filter media in a column
setting is limited due to that manganese oxides have relatively low hydraulic conductivity and generally
exist in colloidal form or nonmaterial form resulting in difficult separation from water body after use
[27]. Therefore, manganese oxides have been coated onto various supporting medias such as zeolite,
bentonite, alumina and silica sand to improve the mechanical stability [16], [22]-[24]. Manganese-
coated sand (MCS) has been used for the removal of a variety of heavy metals either in the formats of
cations such as lead (Pb*"), copper (Cu?"), zinc(Zn?") or in the formats of oxyanions such as arsenic
(H2As03") and uranium [UO2(CO3)2*] and has the potential to be an effective adsorbent for the removal
of chromium from water [27], [31]-[34]. The effects of various experimental parameters such as MCS
dosage, initial chromium concentration, pH of chromium solution, contact time and co-existing ions
were evaluated for the removal of chromium using manganese-coated sand (MCS) synthesized in this
study. A sorbent can be a sustainable and cost effective sorbent if it can be reused in multiple cycles of
operation. The reuse and regeneration of the developed MCS sorbent for chromium removal was also

investigated.
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3.2 Materials and method
3.2.1 Chemicals

Potassium dichromate (99.5% purity, ACS grade) and chromium chloride (CrClz-6H>0, 96% purity,

ACS grade) were obtained from Fisher Scientific (Fair Lawn, NJ, USA). De-ionized (DI) water was
produced inside the laboratory with a resistance of greater than 18 MQ. A stock solution of 1000 mg/L
Cr(VI) was prepared by mixing potassium dichromate (K,Cr,O7) with deionized water. A stock of
solution of 1000 mg/L Cr(III) solution was prepared by mixing chromium chloride with deionized water.
All other chemicals employed in this study were analytical grade. Sodium hydroxide (NaOH, 99.5%
purity, ACS grade), hydrochloric acid (HCI, ACS plus grade) and nitric acid (HNOs3, trace metal grade)
were obtained from Fisher Scientific (Fair Lawn, NJ, USA). Calcium chloride (CaClz, 98.8% purity,
ACS grade), sodium sulfate (Na2SOs, 99.3% purity, ACS grade), sodium bicarbonate (NaHCO3, 100%
purity, ACS grade) used for co-existing ion study were purchased from Fisher Scientific (Fair Lawn, NJ,
USA).
3.2.2 Batch adsorption experiments

Batch adsorption studies were conducted in well-sealed 50-mL high density polyethylene (HDPE)
centrifuge tube with MCS. An identical amount of MCS (1g) was mixed with 50mL of Cr(IIl)/Cr(VI)
solution with prescribed concentration of 1mg/L-10mg/L prepared from chromium stock solution. The
batch adsorption test was also carried out with different dosage of MCS with 50mL of 1mg/L
Cr(IIT)/Cr(VI) solution from diluting Cr(IIT)/Cr(VI) stock solution. In order to decide the effect of pH,
the initial pH of 50mL 1mg/L Cr(III)/Cr(VI) solution was adjusted (pH =2~10) using 0.1M hydrochloric
acid (HCI) and 0.1M sodium hydroxide (NaOH) prior to contact with 1 gram of MCS. Each set of the
samples were shaken in a rotary tumbler for a reaction period of 24 hours at 16 rpm to reach equilibrium.
To obtain the equilibrium concentration of chromium, all samples were centrifuged at 8000 rpm for 10

minutes to separate the supernatant from adsorbents and a 10-mL sample was taken from each sample
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into a test tube that later acidified by adding two drops of concentrated nitric acid (HNO3) and analyzed
by flame atomic absorption spectroscopy (Perkin-Elmer, Waltham, MA, USA). A chromium hollow
cathode lamp (HCL) at 357.9 nm was used to detect chromium. The atomic absorption calibration range

was from 0.25 to 1.5 mg/L. The removal efficiency of chromium on MCS was calculated as:

Removal(%) = (COC;CQ) x 100 (D

The adsorption of chromium onto MCS surface was determined using following equation:

q — (CO_Ce) X V (2)

m

Where Cpand C. are the initial and equilibrium concentration of chromium in the solution (mg/L), q is
the amount of chromium adsorbed per unit weight of the MCS sorbent (mg/kg), m is the weight of the
MCS sorbent (kg) and V is the volume of the chromium solution (L).
3.2.3 Zeta potential measurement

The net effective charge was determined by measuring the zeta potentials of different MCS
suspensions using the Zeta-meter system 3.0 (Zeta meter Inc, Staunton, VA, USA). The 1g/L MCS
suspensions were prepared without chromium (Cr), with 1mg/L Cr(IIT) and with 1mg/L Cr(VI) in ImM
sodium chloride (NaCl) solutions. The pH value of the samples were adjusted from 2 to 12 by adding
dropwise 0.1M HCI and 0.1M NaOH.
3.2.4 Adsorption kinetics

The adsorption kinetics study were conducted at room temperature by adding a fixed amount of MCS
(1g) into 5S0mL HDPE centrifuge tube containing S0mL of 1mg/L Cr(IIT)/Cr(VI) solution under varying
contact time (30 min to 24 hr) at 16 rpm.
3.2.5 Coexisting ions study

In order to determine the effects of ion strength and co-existing ions on chromium adsorption for MCS,
different concentrations of CaCly, Na;SO4, NaHCO3 or Nax(PO4); with 1mg/L. Cr(II1)/Cr(VI) solution
were prepared. SOmL of each solution containing the binary system of chromium and selected coexisting
ion was mixed with 1 gram of MCS at 16 rpm for a period of 24 hours to reach equilibrium.
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3.2.6 Sorbent recycling and regeneration experiments

To evaluate the effectiveness of MCS as sorbent for chromium, MCS was used in five consecutive
adsorption cycles. One gram of MCS was mixed with 50mL of 1mg/L Cr(IIT)/Cr(VI) solution in HDPE
centrifuge tube for the first adsorption cycle. After 24 hours, the used sorbent was separated from the
solution by centrifuging the tube at 8000 rpm for 10 min and supernatant was collected for analysis. This
process can be repeated by using the used sorbent from previous cycle with another fresh 50mL of Img/L
Cr(IIT)/Cr(VI) solution for the subsequent adsorption cycles. After three adsorption cycles, chromium-
loaded MCS sorbent in the centrifuge tube was first washed with 50 mL of DI water, then regenerated
by adding 50 mL of 0.001M, 0.01M, and 0.1M of NaOH solution and shaken in a tumbler at 16rpm for
24 hours. The regenerated MCS was extracted from sodium hydroxide solution for another three

consecutive adsorption cycles. The regeneration efficiency was calculated by the following equation:

Regeneration ef ficiency (RE%) = <Z_T) x 100 (D

0

Where qo is the chromium uptake per unit mass of original MCS sorbent and g, is the chromium uptake

per unit mass of regenerated MCS sorbent.

3.2.7 Analytical methods

All the samples were analyzed for chromium or manganese using flame atomic absorption
spectroscopy (FAAS) with a Perkin-Elmer AAnalyst 800 system (Perkin-Elmer, Waltham, MA, USA).
A chromium hollow cathode lamp (HCL) at wavelength 357.9 nm was used to detect chromium and a
manganese hollow cathode lamp (HCL) at wavelength 279.5 nm was used to detect manganese. The
atomic absorption calibration range of chromium and manganese were from 0.25 to 1.5 mg/L and from

0.5 to 2 mg/L, respectively. The removal efficiency of chromium on MCS was calculated as:

(Co—Ce)

Removal(%) = ———x100 (2)

The adsorption of chromium onto MCS surface was determined using following equation:

q — (CO;LCE) X V (3)
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Where Cp and C. are the initial and equilibrium concentration of chromium in the solution (mg/L), q is
the amount of chromium adsorbed per unit weight of the MCS sorbent (mg/kg), m is the weight of the

MCS sorbent (kg) and V is the volume of the chromium solution (L).
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3.3 Results and discussion
3.3.1 Effect of MCS dosage

The effect of MCS dosage on Cr(III) and Cr(VI) adsorption was investigated at room temperature in
the range of 2 to 30g/L. The result in Figure 3.1 showed that the chromium removal percentage increased
from 15% to 98% for Cr(III) and from 11% to 91% for Cr(VI) with MCS dosage from 2 to 30g/L, while
the removal of Cr(Ill) is slightly higher than Cr(VI) at each dosage. The removal of both chromium
species experienced a significant continuing increase with the increase of sorbent dosage until the
sorbent dosage reached at 20g/L. When MCS sorbent dosage was further increased to 30g/L, the
adsorption of Cr(III) and Cr(VI) were merely increased by 4% for both species. The optimum dosage of
MCS for chromium adsorption was fixed at 20g/L for all future studies. The increase in adsorption of
Cr(I1I) and Cr(VI) with the increase of MCS dosage can be attributed to more available binding sites for

chromium species [35].
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Figure 3. 1 The effect of MCS dosage on chromium removal

3.3.2 Isotherm studies

Various equilibrium isotherm models have been developed with different underlying thermodynamic
assumptions. By applying these models into adsorption system and further obtaining the
physicochemical data, we can gather valuable information in terms of the adsorption mechanism,
adsorbent surface properties and adsorption capacity [36]. The Langmuir, Freundlich, Dubinin-
Radushkevich (D-R) and Temkin isotherm models were used to describe the adsorption of chromium

species onto the MCS sorbent.
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The Langmuir empirical model assumes the adsorbent surface consists of identical and equivalent
adsorption sites that only allow monolayer adsorption [37]. Moreover, there is no lateral interaction or
intermolecular reaction between the adsorbed molecules. The non-linear form of Langmuir can be
represented by the following equation:

_ quL Ce

=l 4
1+K,C, )

de

Where C. is the equilibrium concentration of chromium in solution (mg/L), qe is the equilibrium amount
of chromium adsorbed per unit weight adsorbent (mg/kg), qm is the maximum adsorption capacity of the
adsorbent (mg/kg), and K1 is Langmuir constant that related to the binding energy or affinity parameter
of the adsorption system. These parameters can be determined by obtaining slope and intercept from the

linear plot Ce/qe verse Ce.

c, ¢, 1

qe qm KL qm

(5)

The Freundlich isotherm model is presented to describe non-ideal and reversible adsorption process,
which can be applied to multilayer adsorption on a heterogeneous adsorbent surface with variations of
bonding energies. Freundlich isotherm assumes an exponential decrease of the adsorption energy with
the increase of the fraction of occupied sites to account for the interactions between adsorbed molecules
and surface sites heterogeneity [38]. The non-linear expression and its corresponding linear form of
Freundlich isotherm can be expressed as:

1
e

ge = KeC,/ 6)

1
logq. = logKr +ElogCe (7)
Where Kr and n are Freundlich constants are indictive of adsorption capacity and strength, respectively,
C. is the equilibrium concentration of chromium in solution (mg/L), and qe is the equilibrium amount of
chromium adsorbed per unit weight adsorbent (mg/kg).
The assumption that the heat of adsorption of all the adsorbate molecules would decrease linearly with

surface coverage rather than exponentially, as implied in Freundlich model, is made in the Temkin
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isotherm model to take into account of interactions between adsorbent and adsorbate [39]. The empirical

equation of Temkin isotherm can be represented and linearized as:

RT

qe = Tln (AC,) (8)
RT RT

de = TlnA +7lnCe (9)

Where A(L/g) is the Temkin isotherm equilibrium binding constant corresponded to the maximum
binding energy, b(J/mol) is the heat of adsorption, T is absolute temperature (K) and R is the universal
gas constant (8.314J/mol/K).

The Dubinin-Radushkevich (D-R) isotherm is another empirical model which can be fitted with the
adsorption equilibrium data to distinguish between the physical and chemical adsorption of metal ions
by determining the mean free energy [40]. The non-linear and linear expressions of D-R isotherm model

can be illustrated as follows,

Ge = qs exp(—Kpre?) (10)
1

e=RTIn(1+—=) (11)
Ce

lnqe = ans _KDR‘C:2 (12)

Where qc is the equilibrium amount of chromium adsorbed per unit weight adsorbent (mg/kg), Ce. is the
equilibrium concentration of chromium in solution (mg/L), gs is the theoretical maximum adsorption
capacity (mg/kg), € is Polanyi potential, Kpr is a constant related to the mean free energy of adsorption,
T is absolute temperature (K) and R is the universal gas constant (8.314J/mol/K). The mean free energy

of adsorption can be computed using the following equation,

1
E=—— (13)

v (2Kpr)

If a calculated mean free energy (E) is less than 8kJ/mol, it would be indicative of physical sorption; if
E value falls into the range of 8 to 16kJ/mol, it would suggest that the sorption process is likely

chemisorption.
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Table 3. 1 Adsorption parameters for chromium adsorption onto MCS

Isotherm Parameter Cr(11I) Cr(V])
Langmuir Kr(L/mg) 0.75 0.95
qm(mg/kg) 238.1 140.85
R? 0.8679 0.9476
Freundlich Kr 100.58 69.76
I/n 0.3284 0.2642
R? 0.8279 0.9314
Temkin A(L/g) 27.7 35.77
b(J/mol) 65.53 109.28
R? 0.7325 0.8497
D-R E(kJ/mol) 3.85 4.43
R? 0.4843 0.5753

The parameters of the four aforementioned isotherm models obtained from adsorption equilibrium
data and isotherm plots for Cr(III) and Cr(VI) onto the MCS sorbent (Figure 3.2-3.6) were presented in
Table 3.1. The correlation coefficients (R?) of Langmuir, Freundlich, Temkin and D-R isotherms were
found to be 0.8679, 0.8279, 0.7325 and 0.4843 for Cr(IIII) and 0.9476, 0.9314, 0.8497 and 0.5753 for
Cr(VI), respectively. The higher value of R? suggests a better fit isotherm model for adsorption of
chromium onto MCS, indicating that the application of Langmuir and Freundlich isotherm models
provided a more satisfactory fit to the experimental data for adsorption of both chromium species than
Temkin and D-R isotherm models. The maximum adsorption capacity (qm) of MCS toward Cr(III) and
Cr(VI) were calculated to be 238.1 mg/kg and 140.85 mg/kg according to Langmuir isotherm model,
respectively. The Langmuir constant (Ki) related to free energy of adsorption was determined to be 0.75
L/mg for Cr(IIT) and 0.95 L/mg for Cr(VI), respectively, and the greater Ki value for Cr(VI) indicates
that MCS has a relatively stronger binding toward Cr(VI) [41]. The Freundlich parameter 1/n for both
chromium species were found to be between 0.1-0.5, 0.3284 for Cr(IIl) and 0.2642 for Cr(VI),
suggesting that adsorption of chromium onto MCS is a favorable adsorption and adsorption of Cr(VI) is
slightly more favorable than adsorption of Cr(IIl) for MCS developed in this study [42]. The similar
high R? values of adsorption of Cr(IIT) and Cr(VI) for both Langmuir and Freundlich isotherms could
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imply that adsorption of chromium is monolayer on MCS surface and MCS surface is likely a
heterogeneous surface [43]. The values of Temkin constant A and b, related to binding energy and heat
of adsorption, respectively, were both larger for Cr(VI) than Cr(IIl) which is indicative of a more
favorable and stronger binding of Cr(VI) than Cr(Ill) for the MCS sorbent [41], [44]. The mean free
energy for adsorption of Cr(Ill) and Cr(VI) onto the MCS sorbent calculated based on Dubinin-
Radushkevich isotherm were 3.85 kJ/mol and 4.43 kJ/mol, respectively, indicating that the nature of
adsorption of chromium onto MCS sorbent is governed by physisorption and MCS shows a stronger
binding toward Cr(VI). However, the R? values for both chromium species, 0.4843 for Cr(IIT) and 0.5753
for Cr(VI), are significantly lower than Langmuir, Freundlich and Temkin isotherms, suggesting that the
adsorption of chromium onto MCS might not fit to Dubinin-Radushkevich isotherm. While the
maximum adsorption capacity (qm) obtained from Langmuir isotherm is in good agreement with the
Freundlich parameter Kr showing that MCS obtains higher adsorption capacity for Cr(III) than Cr(VI),
the Langmuir constant (Kt), Freundlich parameter (1/n), heat of adsorption (b) and binding constant (A)
obtained from Temkin isotherm, and the mean free energy (E) calculated from D-R equation suggest

that MCS sorbent displays a greater affinity for Cr(VI) than Cr(III).

Table 3.2 and 3.3 summarized the maximum capacity of several other metal oxides based adsorbents
for adsorption of Cr(VI) and Cr(III), respectively. The results show that the MCS sorbent developed in
this study exhibits comparable or greater adsorption capacity than most of the adsorbents listed when
the adsorption capacity is reported based on sorbent area instead of sorbent mass. MCS obtains a
relatively lower adsorption capacity per sorbent mass compared to other adsorbents mainly because of
the limited surface area. However, the advantages of MCS are low-cost and convenient production
process compared to other adsorbents with large surface area and multi-functionality allowing the
application of MCS into water treatment system as an affordable and environmental benign filter media

[31], [42].
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Table 3. 2 Adsorption capacity of different metal oxides based adsorbents for Cr(VI)

Adsorbent  pH Initial Cr(VI)  Adsorbent  Specific Adsorption  Adsorption  Reference

Concentration ~ Dosage Surface Capacity Capacity per

(mg/L) (g/L) Area (mg/kg) Surface

(m?/g) Area(pg/m?)
Manganese 7.1 520 16.7 15.8 1450 92 [45]
dioxide
Iron- 5 10 2 3.06 102 333 [42]
manganese
coated sand
Mn nodule 3 10 2 109.17 25780 236 [46]
leached
residue
Pyrolusite 69 5 2 7.2 250 34.7 [47]
(MnO)
Anatase 25 10 1 37.8 7380 195 [48]
(TiO2)
Iron oxide 8 1 4 1.7 89 52.4 [49]
(Fe203)
Bentonite 2 50 0.52-52 34 570 16.8 [50]
Activated 4 10 10 370 3120 8.4 [51]
alumina
Mn-coated 6 1 20 3.08 140.85 45.73 This study
sand
Table 3. 3 Adsorption capacity of different metal oxides based adsorbents for Cr(III)

Adsorbent pH  Initial Cr(II) Adsorbent  Specific Adsorption  Adsorption Reference

Concentration ~ Dosage Surface Capacity Capacity per

(mg/L) (g/L) Area (mg/kg) Surface

(m?/g) Area(pug/m?)

Bentonite 3.5 52 50 34 1280 37.65 [50]
Iron-oxide 5.4 10 1 970 36920 38.06 [52]
nanocomp-
osites
(Fes04)
Boehmite 13 10 1 52.22 1250 23.79 [53]
nanoplates
(y-AIOOH)
Montmori- 5 100 5 240 3600 15 [54]
llonite
Mn-coated 6 1 20 3.08 238.1 77.31 This study
sand
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3.3.3 Effect of pH

pH is an important parameter controlling the adsorption process of heavy metal in water body due to
that solution pH significantly affects surface protonation process and surface charge of the sorbent, redox
potential between sorbent and metal ion species and the extant format of the metal ion species in solution
[47], [55]-[57]. Cr(VI) mainly appears as dissolved species bichromate (HCrO4) or chromate (CrO4>)
when pH is greater than 3, while Cr(III) may precipitate as insoluble species Cr(OH)s at the same pH
range or possibly form soluble species such as Cr(OH)** or Cr(OH)," at pH range of 4-7.5 or Cr(OH)4

with excessive presence of hydroxide ions (pH greater than 10) [2].

The pH effect on the adsorption of chromium was investigated with a sorbent dosage of 20g/L at room
temperature over the pH range of 2-12. Figure 3.7 demonstrates adsorption of Cr(III) and Cr(VI) onto
the MCS sorbent with variation of the solution pH. It can be observed that adsorption for both chromium
species initially increased with pH increasing from 2 to 4 and reached a plateau until pH was further
increased to 11, after which the adsorption capacity for Cr(III) and Cr(VI) experienced a significant loss.
The removal of Cr(III) increased sharply from 60% to 92% at the pH range of 2-4, while the removal of
Cr(VI) increased from 50% to 89% at the same pH range. This result may be attributed to the excessive
leaching of manganese ion (Mn?*) from MCS sorbent at extremely acid environment (pH less than 3)
therefore reducing the available adsorption sites for chromium species [27]. The possible formation of
Cr(OH)4 and the competition between Cr(OH)4 and OH" for adsorption sites may result in the major
loss of adsorption capacity of Cr(IIl) above pH 10 [2]. Adsorption of Cr(VI), an oxyanion in the studied
pH range, decreased drastically from 86% to 35% when pH was increased from 10 to 11, which may

result from the reversal of surface charge.
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3.3.4 Effect of surface charge

The pH-dependent behavior of heavy metal adsorption onto metal oxides based adsorbents can be
attributed to sorbent surface charge obtained from pH-dependent surface protonation or deprotonation
process [58]. The zeta potential ({) measurement is a characterization technique to quantify the net
surface charge of sorbent surface. The point of zero charge (PZC) is the pH of the solution at which the
net charge of sorbent surface is zero [59]. To understand adsorption process between the two chromium
species with the surface of the MCS sorbent, the zeta potential of the MCS sorbent was measured using
5g/L MCS in an aqueous solution containing ImM NaCl with and without the chromium species. As
shown in Figure 3.8, the pHpzc of the MCS sorbent was determined to be 7.80 in the absence of
chromium, 9.25 in the presence of Cr(III) species and 10.25 in the presence of Cr(V) species. The surface
of the MCS sorbent will be positively charged at pH values below pHpzc and negatively charged at pH
values above pHpzc. A major shift in PZC of the MCS sorbent can be observed for both chromium

species.

Cr(III) can form soluble cationic species such as Cr**, Cr(OH)?** or Cr(OH)," at pH range of 2-7.5 or
soluble anionic species Cr(OH)4 with excessive presence of hydroxide ions (pH greater than 10) or as
insoluble neutral species Cr(OH)s at pH range of 8-12. Since electrostatic attraction between Cr(III)
species and positively charged MCS surface is negligible at the pH range of 2-9.25, the significant shift
in the PZC of the MCS sorbent in presence of Cr(III) is indicative of the occurrence of specific adsorption
or inner-sphere adsorption because specific adsorbed ions generally reside inside of the shear plane
therefore changing the surface charge [60]. The drastic decrease of Cr(IIl) removal above pHp.c (9.25)
observed from the pH study section may result from the occurrence of anionic species Cr(OH)s or
possible transformation from cationic Cr(IIl) species to anionic Cr(VI) species. Cr(VI) appears mainly
as soluble anionic species chromate (CrO4?) or bichromate (HCrO4") at pH from 2 to 12. The significant
loss in Cr(VI) adsorption can be observed when pH reached at 11 and this observation is in good

agreement with the fact that pHp.c for Cr(VI) is determined to be 10.25, above which the electrostatic
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repulsion between negatively charged MCS surface and anionic Cr(VI) species will greatly reduce the
adsorption of Cr(VI). Specific adsorption or inner-sphere adsorption can be inferred from the significant
shift to the right in PZC of the MCS sorbent for adsorption of Cr(VI). In order to gather more information
regarding the adsorption mechanism between the MCS sorbent and chromium species, further surface
characterization is necessary to determine the possible redox reaction taken place on the MCS sorbent

surface.
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Figure 3. 8 Zeta potential of the MCS sorbent in the presence of Cr(III) and Cr(VI)
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3.3.5 Effect of contacting time and adsorption kinetic study

Sorption kinetics describes the rate of the adsorption of heavy metal onto adsorbents and can provide
crucial information regarding the adsorption mechanism [61]. The rate of chromium adsorption is an
important parameter for the application of MCS sorbent as a filter media in practical water treatment
operation. The equilibrium time for both Cr(III) and Cr(VI) can be obtained from effect of contact time
on adsorption of Cr(IIl) and Cr(VI) onto MCS sorbent illustrated in Figure 3.9. The results showed that
the adsorption for Cr(IIl) and Cr(VI) rapidly reached at 59% and 50%, respectively, at the first 30 min,
then gradually increased from 59% to 90% for Cr(IlI) and from 50% to 80% when contact time was
raised from 30 min to 4 hr. The adsorption equilibrium was approached for both chromium species after
contact time further increased to 6 hr. The adsorption for chromium species onto MCS sorbent increased
merely 1~2% for additional 18 hr. 91% Cr(VI) was adsorbed at equilibrium and the equilibrium
adsorption capacity of MCS sorbent was determined to be 51 mg/kg for Cr(VI), while 94% Cr(IIl) was
adsorbed at equilibrium and the equilibrium adsorption capacity of MCS sorbent was calculated to be
55 mg/kg for Cr(IIl). All the future experiments were carried out with contact time of 24 hr to ensure

the adsorption equilibrium was reached between chromium species and the MCS sorbent.

71



09 I e Cr(Il)
08 |

0.7 |

04 |®
03

02

0.1 L

_ o o © T
0 PR N SN NN TR (NN TN NN TN SN TN [T U N S W S S T L
0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)

OCr(VI)

02 r ©)

0.1 O O O O

0 " 1 L 1 " L " 1 " 1 " 1 " 1 L 1 L 1 " 1 " 1
0O 2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

Figure 3. 9 Effect of contact time on adsorption of (a) Cr(IIl) and (b) Cr(VI) onto MCS sorbent

72



The experimental data were fitted to three widely used kinetic models: pseudo-first order, pseudo-
second order and intraparticle diffusion models to evaluate kinetic mechanism of chromium adsorption
onto the MCS sorbent (Figure 3.10-3.12). These kinetic models haven been vastly applied for the
adsorption of adsorbates in liquid phase such as heavy metals and organic compounds onto variety of
adsorbents including activated carbon, mineral clay, agricultural by-products and metal oxides based

adsorbents [62]-[65].

Pseudo-first order model was originally presented by Lagergren to describe the kinetics of the
adsorption of adsorbate in aqueous solution onto solid adsorbent surfaces based on adsorbent adsorption
capacity [66]. Pseudo-first order equation can be expressed in its differential and integral forms as
following,

dq,

E = kl(qe - Qt) (14)

In(qe — q¢) = Inge — kqt (15)
Where qe is the amount of chromium adsorbed per unit weight adsorbent at equilibrium (mg/kg), q: is
the amount of chromium adsorbed per unit weight adsorbent at time t (mg/kg), and k; is the rate constant
of pseudo-first order adsorption in min!. Studies show that the sorption kinetics of chromium onto
adsorbents such as peat, activated carbon, and manganese oxide was better described by the pseudo-
second order kinetic model [16], [67]-[69]. The pseudo-second kinetic equation can be written and

linearized as follows,

dq

— = k(@ —q0)? (16)
t _(1)(1)+t 17)
q; k,/\qz/ " q.

Where k» is the rate constant of pseudo-second order adsorption in kg:mg™'-min’! and can be calculated

from the intercept of a linear plot of t/q; versus time.
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The intraparticle diffusion model was initially proposed by Weber and Morris to describe the
adsorption of organic compounds on granular carbon [70]. Sorption process between adsorbate-
adsorbent in liquid-solid system generally involves four consecutive steps:

(1) adsorbate transport in bulk solution; (ii) adsorbate diffusion on the liquid film formed around external
surface of the adsorbent particles (film diffusion); (iii) adsorbate diffusion on the internal surface of
pores and along the pore walls of the adsorbent (intraparticle diffusion); (iv) adsorption on active sites
[71]. Single or combination of any of the four aforementioned steps could be the rate-controlling step.
The effect of adsorbate transport could be easily eliminated by rapid mixing and adsorption itself
generally takes place instantaneously, suggesting that film diffusion and intraparticle diffusion likely
control the adsorption rate [72]. If intraparticle diffusion is the rate-limiting step for the adsorption of

chromium onto the MCS sorbent, the adsorption data would abide the following equation:

1
qr = kigt2 +C (18)

Where kiq is the rate constant of intraparticle diffusion in mg-kg™!-min "2 and C represents the thickness

of the boundary layer. We can obtain the value of kisand C by plotting g against t'/2,

The kinetic parameters calculated based on these three different kinetic models for adsorption of
chromium onto the MCS sorbent were tabulated in Table 3.4. The calculated correlation coefficients (R?)
of pseudo-second order kinetics are the highest for both chromium species, 0.9996 for Cr(IIl) and 0.9984
for Cr(VI). The theoretical g. values derived from pseudo-second order kinetics model for Cr(III) and
Cr(VI) are 55.87 mg/kg and 53.76 mg/kg, respectively, and these values are extremely close to the
experimental values of Cr(II) adsorption capacity of 55 mg/kg and Cr(VI) adsorption capacity of
51mg/kg. The pseudo-first order kinetics model also provides the relatively high values R? of 0.9809 for
Cr(III) and 0.9773 for Cr(VI). However, the theoretical qc values of 23.92 mg/kg for Cr(IIl) and 25.88

mg/kg for Cr(VI) obtained from pseudo-first order model were significantly different from the
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experimental data. Therefore, adsorption of Cr(IIl) and Cr(VI) onto MCS sorbent can be better described
by pseudo-second order kinetics as compared to pseudo-first order kinetics, indicating that there are
possibly more than one rate-limiting steps [73]. The R? values obtained from intraparticle diffusion
model is the lowest among three kinetic models employed in this study, 0.7586 for Cr(III) and 0.9071
for Cr(VI). It can be observe from Figure 3.12 that the straight line plots of g versus t'? did not pass
through origin for both chromium and have intercept values of 35.752 and 25.341 for Cr(Ill) and Cr(VI),
respectively. This observation can be indicative of that intraparticle diffusion of chromium species into
pores of the MCS sorbent is not the only rate-controlling step for this particular adsorption process [32].
The plots of q; versus t"? can be divided into two distinct portions: the initial steep slope portion that is
related to film diffusion and final gradual portion that is related to intraparticle diffusion [74]. Therefore,
it can be established that both film diffusion and intraparticle diffusion are involved in the overall

adsorption mechanism.

Table 3. 4 Adsorption kinetic parameters of chromium on MCS sorbent

Kinetics Model Parameter Cr(111) Cr(V])
Pseudo-first order ki (min!) 0.0097 0.0057
qe (mg/kg) 23.92 25.88
R? 0.9809 0.9773
Pseudo-second order  k» (kg'mg!-min‘!) 0.00107 0.0048
qe (mg/kg) 55.87 53.76
R? 0.9996 0.9984
Intraparticle diffusion  kia (mg-kg!-min"?) 0.8346 1.0818
C 35.752 25.341
R? 0.7586 0.9071
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3.3.6 Effect of coexisting ions

In order to investigate the effects of the presence of other cations or anions may accompanying with
the appearance of chromium in surface water or industrial wastewater, cation such as calcium (Ca?") and
anions such as bicarbonate (HCOs"), sulfate (SO4>") and phosphate (PO4*) were selected as coexisting
ions in this study. Figure 3.13-3.16 illustrate the effects of Ca**, HCOs", SO4+* and PO4*" at different
concentrations on adsorption process of chromium onto MCS. The coexisting ions could have negative
influence on the removal of chromium due to the possible competition for available active adsorption

sites and the possible alteration of surface charge [75].

The results in Figure 3.13 show that the existence of Ca?* has no significant effect on the adsorption
of Cr(VI), while the existence of Ca?" has significantly negative influence on the adsorption of Cr(III)
and with the increasing concentration of Ca?* from 0.5 mmol/L to 2mmol/L, the adsorption of Cr(III)
decreased sharply from 74% to 52%. Similar results observed from the adsorption of Cr(VI) using
chitosan-coated fly ash composite as adsorbent can be attributed to the electrostatic repulsion between
cations such as Ca?* and Mg?* and positively charged sorbent surface, therefore leaving the adsorption
sites available for Cr(VI) oxyanions [76]. In contrast to Cr(VI) species, the adsorption of Cr(IIl),
appearing as cationic species at studied pH, could be severely hampered due to that the increasing ionic
strength can decrease the electrostatic force between oppositely charged adsorbate-adsorbent and reduce

the available sorption sites by inducing the aggregation of the adsorbent [75].

The coexistence of anions (HCOs", SO4* and PO4*") do not have significant effects on the adsorption
of Cr(I1I) onto the MCS sorbent, while the effects on the adsorption of Cr(VI) follow the order: PO4*~>
HCO3;>S04*. Zeng et al [77] reported the same trend of coexisting ions effects for Cr(VI) adsorption
on hexadecylpyridinium bromide (HDPB) modified natural zeolites. It can be observed from Figure 3.14
that the increasing concentration of HCOj3™ from 0.5 mmol/L to 5.5 mmol/L promoted the adsorption of

Cr(IIT) greatly, while adsorption of Cr(VI) was significantly inhibited. The observation can be related to
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the pH effect and competitive adsorption caused by addition of HCOj3". With the increasing concentration
of SO4* from 0 to 1 and 2 mmol/L and PO4+* from 0 to 1 and 3 mmol/L, the removal of Cr(VI) decreases
from 91% to 53% and 44% and from 91% to 43% and 3%, respectively. Sulfate and phosphate ions both
share a similar molecular structure with chromate ions as oxyanions resulting in significant competitive
effect on Cr(VI) adsorption onto the MCS sorbent. The result that PO4*- had the strongest influence on
Cr(VI) adsorption could be explained by that PO4* ions possess the most negative charge among all the
anions selected for this study and become a stronger competing force for sorption sites available on the

surface of the MCS sorbent [77].

80



100

; mCr(Il) OCr(VI)
90 |

70

50 r

Chromium removal (%)

30

10

0 0.5 1 2
Ca?* concentration (mmol/L)

Figure 3. 13 Effect of Ca?" ions on the adsorption of chromium onto MCS
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Figure 3. 14 Effect of HCO;™ ions on the adsorption of chromium onto MCS
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Figure 3. 15 Effect of SO4> ions on the adsorption of chromium onto MCS
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Figure 3. 16 Effect of PO4> ions on the adsorption of chromium onto MCS
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3.3.7 Sorbent reuse and regeneration

The reuse of the sorbent is an important factor in determining its potential for practical application
since it can reduce the operational cost and make the process economical. After conducting the recycle
studies, it shows relatively strong adsorption capacity even after five cycles. The results presented in
Figure 3.17 show that greater than 85% removal of Cr(VI) by the MCS sorbent was achieved in the first
and second adsorption cycles, while the removal of Cr(VI) gradually decreased in the third, fourth and
fifth adsorption cycles. The removal of chromium by the MCS sorbent was 61% and 56% in the fourth

and fifth adsorption cycles, respectively.
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Figure 3. 17 Reuse of MCS sorbent in five adsorption cycles
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Figure 3. 18 Effect of different NaOH concentrations on regeneration of MCS sorbent

Regeneration of MCS was investigated using different NaOH concentrations of 0.001N, 0.01N and
0.IN and regenerated MCS sorbent was used for three more consecutive adsorption cycles. The
regeneration efficiencies of 0.001N, 0.0IN, and 0.1N of NaOH for MCS sorbent developed in this study
were calculated to 78%, 86% and 89%, respectively. The removal of Cr(VI) increased by 8% when the
concentration of NaOH solution increased from 0.001N to 0.01N and by 3% when the concentration of
NaOH solution further increased to 0.1N. This result is consistent with suppressed Cr(VI) adsorption
under highly alkali environment. The regeneration of the MCS sorbent using 0.01N NaOH is an effective
and feasible approach and adsorption of Cr(VI) onto the regenerated MCS sorbent did not decrease

significantly for another three adsorption cycles.
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3.4 Conclusion

The removal of chromium from aqueous systems using the manganese-oxide sand (MCS) developed
in former chapter was investigated under different parameters. The adsorption for both chromium species
onto MCS sorbent increased significantly with the increasing MCS dosage until it reached 20mg/L. The
adsorption equilibrium data of different concentrations of Cr(III) and Cr(VI) solution with constant MCS
dosage of 20mg/L were fitted into four widely used isotherm models. Results showed that the Langmuir
and Freundlich isotherm models provided better correlation of the experimental data than Temkin and
Dubinin-Radushkevich (D-R) isotherm models, suggesting the adsorption of chromium is a monolayer
adsorption on the heterogenous MCS surface. While the higher maximum adsorption capacity (qm)
obtained from Langmuir isotherm and the higher Freundlich constant (Kr) obtained from Freundlich
isotherm are indicative of higher adsorption capacity of the MCS sorbent for Cr(III) than Cr(VI), the
Langmuir constant (Ki), Freundlich parameter (1/n), heat of adsorption (b) and binding constant (A)
obtained from Temkin isotherm, and the mean free energy (E) calculated from D-R equation suggest
that MCS sorbent displays a greater affinity and stronger binding for Cr(VI) than Cr(IIl). The favorable
adsorption of Cr(Ill) and Cr(VI) onto MCS sorbent at a wide solution pH range of 3-10 makes it a
promising adsorbent for practical use. The significant shift in PZC observed from Cr(Ill) and Cr(VI)
adsorption indicated the occurrence of specific adsorption or formation of inner-sphere complexation

between chromium species and MCS sorbent.

The adsorption of Cr(III) and Cr(VI) onto MCS can be best described by pseudo-second order model.
The coexisting anions such as bicarbonate, sulfate, phosphate reduced the adsorption of Cr(VI) greatly
with increasing concentration, while the adsorption of Cr(III) significantly suppressed by the coexisting
cation of calcium. The reuse and regeneration study revealed that MCS sorbent can be effective for five
consecutive adsorption cycles and can be successfully regenerated by alkali wash using 0.01N sodium

hydroxide solution.
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CHAPTER 1V
IV. SURFACE CHARACTERIZATION OF MANGANESE-COATED SAND
4.1 Introduction

Different techniques can be performed to characterize and determine various properties such as size,
shape and elemental structure of a material or atoms at the material’s surface of particular interest [1]—
[3]. Characterization techniques of atomic structure can generally be categorized into nonspecific and
element-specific methods. X-ray Diffraction (XRD) and Raman Spectroscopy are both nonspecific
methods that can provide information regarding the crystallinity and polymorph type of the material,
while X-ray Photoelectron Spectroscopy (XPS) and Scanning Electron Microscopy coupled with Energy
Dispersive X-ray Analysis (SEM-EDX) can provide element specific information such as element
oxidation states or surface element composition [4]-[6]. The Brunauer-Emmett-Teller (BET) method is
commonly used in various studies to decide the specific surface area such as metal oxides, nanomaterials
and activated carbon [7]-[10].

In order to accurately characterize the manganese-oxide based adsorbents for the removal of
chromium from water, different analytical procedures such as XRD, XPS, SEM-EDX and BET surface
analysis were applied to investigate the mineral crystal structure, surface properties and surface
phenomena in order to explain the mechanism of adsorption for the adsorption of both chromium species
onto the surface of the MCS (manganese-coated sand) sorbent. In the meantime, how these two valence
states of chromium (trivalent chromium and hexavalent chromium) species transform and react on the
surface of the MCS sorbent were established based on the information gathered from different surface

characterization techniques.
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4.2 Materials and methods
4.2.1 Materials

Manganese-coated sand (MCS) developed at different temperatures were investigated with X-ray
powder diffraction (XRD) and X-ray Photoelectron Spectroscopy (XPS) directly without further sample
preparation. To prepare the samples for XPS and Scanning Electron Microscopy coupled with Energy
Dispersive X-ray (SEM-EDX) analysis of the chromium species adsorbed onto the MCS sorbents, we
mixed 5 g of the MCS sorbent separately with a 100 mg/L solution of Cr(IIl) and with a 100 mg/L
solution of Cr(VI) in sealed S0mL high density polyethylene (HDPE) inside a rotating tumbler for 24
hours at 16 rpm. After the adsorption reached equilibrium, the MCS sorbent loaded with Cr(III) and
Cr(VI) were separated from each bottle by centrifuging at 8500 rpm for 15 minutes. The MCS sorbent

samples were dried in an oven for 24 hours and ready for XPS and SEM-EDX analysis.

4.2.2 Sorbent characterization

The specific surface area of the MCS sorbent was measured with an Accelerated Surface Area and
Porosimeter system (Micromeritics Instrument Corporation, Norcross, GA, USA). The BET surface area
of the MCS sorbent was determined to be 3.09 m?/g. The X-ray diffraction (XRD-Bruker D8 Discover

System, MA, USA) pattern was obtained with Cu Ka radiation, A=1.5406 A, at 40KV and 30mA. The
20 scan range is between 10° to 80° 26 with a step size of 0.02° 20 and a counting time of 10 s per step.

Photomicrography of the external surface and elemental composition information of the MCS sorbent
were obtained using Scanning Electron Microscopy coupled with Energy Dispersive X-ray analysis
(SEM, TOPCN ABT-150S; EDX, JXA 840, Japan). The oxidation states of both manganese and
chromium species on the surface of the MCS sorbent before and after adsorption of chromium were
studied by X-ray photoelectron spectrometer (Kratos AXIS-165). The samples were analyzed with Al

Ka X-ray source at 15kV and 10mA.
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4.3 Results and discussion
4.3.1 X-ray Diffraction

Solid materials can be divided into two main classes: crystalline and amorphous. Unlike amorphous
solids lacking of a three-dimensional lattice structure, crystalline solids have an orderly and repeating
arrangement formed by their constituent atoms or molecules [11], [12]. X-ray diffraction(XRD) is a
powerful nondestructive technique for materials structure determination that can provide valuable
geometrical and structural information of a crystalline material [13]. Atoms or molecules in amorphous
solids possess no long range order, therefore their X-ray diffraction patterns contain no crystalline
diffraction peaks. X-ray diffraction is a well-established and unique analytical method that has been
successfully applied to all fields such as pharmaceutical industry, forensic science, geological analysis,
microelectronics industry and glass industry because XRD analysis can discover the morphology and
the crystallinity degree and identify different polymorphic forms of a variety of materials such as metals,
minerals, composites, coatings, thin films, graphite, nanomaterials and pharmaceuticals [1], [14]-[17].
In this study, manganese-coated sand (MCS) was developed under different coating temperature while
other coating conditions such as the use of manganese chemicals and pH remained the same. XRD was
employed to detect the presence of possible formation of crystalline manganese oxides on the MCS

surface.
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XRD patterns of all the MCS samples developed under different coating temperature are shown in
from Figure 4.1 to Figure 4.7. Crystallography Open Database (COD) was used as diffraction peak
reference source to identify the specific crystalline structure of the coated layer. Quartz sand (Si0O) can
be ubiquitously identified in all aforementioned MCS samples due to the fact that quartz sand was
selected as supporting material for manganese in this study. Pyrochroite (H:MnQO;) was detected in the
MCS samples coated at lower furnace temperature (120°C, 150°C, 180°C, and 220°C), while only quartz
sand can be confirmed in MCS samples coated at higher furnace temperature (330°C and 550°C) with
an exception of MCS sample coated at 440°C where Mn2O3 can be identified from matching the XRD
peak information with COD. The MCS sample coated at 220°C is composed of both H-Mn(II)O2 and

NaMn(III)O> as a form of manganese coated onto the sand surface. The mixture of manganese (II, III)
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oxides were detected on the MCS sorbent coated at 220°C according to the XRD pattern obtained, while
Mn(IV)O: were found to be the predominate manganese oxide for the manganese-coated sand developed

by other studies for heavy metal removal [18]-[21].

4.3.2 SEM-EDX

Scanning electron microscopy (SEM) is one of the available electron microscopy techniques that
allows direct visualization of sample surface and provides information related to surface topography
such as morphology and surface condition [22], [23]. SEM has been applied to investigate all types of
materials: nanomaterial, biological structure, membrane, and mineral [24]-[29]. When combined with
Energy Dispersive X-ray analysis (EDX), SEM-EDX system can provide both surface morphology and
elemental distribution on the surface. SEM-EDX is a powerful tool that has been extensively selected in
heavy metal adsorption by different adsorbents to visualize the change of surface structure before and
after adsorption, confirm appearance of heavy metal on adsorbent surface and quantify specific

elemental composition [24], [30]-[33].
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Figure 4. 11 EDX spectrum of MCS overloaded with Cr(III)
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Manganese coated sand (MCS) at coating temperature 220°C had the best chromium adsorption
performance and therefore was selected as the MCS for all following studies. SEM images of virgin
sand in Figure 4.8 and MCS overloaded with Cr(III) and Cr(VI) in Figure 4.9 and 4.11, respectively,
showed virgin sand had a relatively smooth surface with rough ridges and small cracks, while the MCS
sorbent had a bright rough and irregular silica sand surface and dark area covered by manganese oxides
formed during coating process, suggesting surface of the MCS sorbent used in this study is
heterogeneous. Manganese oxides were not uniformly or evenly distributed on the sand surface but
formed in clusters. The bright points for each element in dot mapping provide the specific elemental
distribution on the MCS sorbent surface. The accordance of the appearance of manganese and chromium
shown in dot mapping is indicative of that chromium is specifically sorbed onto the MCS sorbent and
manganese oxides coated onto the silica sand are the effective surface constituents responsible for
chromium removal. Additionally, EDX mapping and spectrum of all elements (Mn, Si, O, Cr) for MCS
overloaded with Cr(IIl) and Cr(VI) (Figure 4.9, Figure 4.10, Figure 4.12 and Figure 4.13) confirmed

chromium adsorption onto the surface of the MCS sorbent.
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4.3.3 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a near-surface sensitive technique that predominately
employed in determining the oxidation states of an element [34]. In this study, we overloaded 5g MCS

developed at 220°C with of 100mg/L Cr(Ill) and Cr(VI) solution and analyzed the samples using XPS

to identify Mn and Cr oxidation states after the reaction reached equilibrium (24h). The MCS sorbent
coated at different temperatures were also investigated by XPS to identify the specific manganese oxides

formed on the surface.
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Figure 4. 15 XPS spectra of the MCS sorbent coated at different temperatures

Figure 4.15 showed the XPS spectra of the MCS sorbent developed at different temperature. The

binding energy of 641.7 eV for two of the three MCS coated at 220°C and the MCS coated at 330°C is

correspond to Mn 2p32 orbitals for MnO or Mn2O3 [35]—-[37]. Although one of the three developed MCS

at 220°C appeared to have shift to higher energy from 641.7 eV to 642.2 eV, its peak shape is consistent
with MnO or Mn203. The Mn 2p3)2 peaks observed around 641 eV of the MCS sorbent coated at 180°C

indicates the manganese oxides formed on the surface of the MCS sorbent are a combination of

manganese (II, III) oxides.
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The chromium adsorption mechanism onto the MCS sorbent can be investigated by performing XPS
analysis on the MCS sorbent after adsorption. To identify the oxidation states of manganese and
chromium to determine the possible redox reaction taken place on the sorbent surface, the XPS spectra
of all element and chromium were shown in Figure 4.16 and Figure 4.17, respectively. The Cr 2p3»
peaks were analyzed for adsorption of both chromium species onto the MCS sorbent and they include
three peaks at 576.7 eV, 578 eV and 579.8 eV for Cr(IIl) adsorption (Figure 4.17a) and two peaks at
579.6 eV and 577.5 eV for Cr(VI) adsorption (Figure 4.17b). The peaks at 576.7 eV, 578 eV and 579.8
eV belonged to the binding energy of 2p3;» of Cr(Ill) as Cr(Ill) hydroxide [Cr(OH)3] or Cr(III) oxide
(Cr203) and 2p3/2 of Cr(VI) as Cr(VI) mixed species, indicating the transformation from Cr(III) to Cr(VI)
happened at the surface of the MCS sorbent and the calculation results showed that the mass fraction of
Cr(I1I) and Cr(VI) were 75.29% and 24.71%, respectively [32], [38], [39]. As shown in Figure 4.17b,
the two peaks at 579.6 eV and 577.5 eV observed at Cr 2p3 spectra can be assigned to Cr(VI) as
chromate ions (CrO4*) and Cr(IIl) as Cr(III) hydroxide [Cr(OH)s3] or Cr(III) oxide (Cr,03), suggesting
the reduction reaction occurred on the surface of the MCS sorbent [40]-[42]. The mass fraction of Cr(III)
and Cr(VI) were determined to be 52.66% and 47.34%, respectively, on the MCS surface after Cr(VI)
adsorption. This result can be best explained by that manganese (II, III) oxides coated onto the MCS
sorbent can either reduce Cr(VI) to Cr(II) or oxidize Cr(III) to Cr(VI) due to the intermediate oxidation
state of Mn(III) can act as either oxidant or reductant in a redox reaction.

The transformation of manganese after adsorption reaction with chromium species were also analyzed
by XPS spectra obtained in this study. It can be observed that the peak at 642.8 eV for Mn 2p3. (Figure
4.16b) resulted from the appearance of MnO; at the surface of the MCS sorbent after contacting with
Cr(VI) solution and the peak at 641 eV for Mn 2ps (Figure 4.16a) resulted from the appearance of

MnOOH or MnO at the surface of the MCS sorbent after contacting with Cr(III) solution [35]-[37].
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4.4 Conclusion

In order to investigate the adsorption mechanism between the MCS sorbent and chromium species,
the MCS sorbent was characterized in terms of its material matrix, surface area, crystallinity and oxide
constituents, surface elemental composition and surface oxide (groups). The BET surface area of the
MCS sorbent was determined to be 3.09 m?/g. XRD results combined with XPS spectra showed that the
surface manganese oxide of MCS coated at lower temperature (120°C, 150°C, and180°C) is pyrochroite
[Mn(OH).], while NaMn(II[)O; was the major surface manganese oxide formed at higher temperature
(330°C and 550°C). The mixture of manganese (II, III) oxides was detected on the surface of the MCS
sorbent coated at 220°C based on the XRD and XPS results. The SEM-EDX analysis indicated that the
MCS sorbent employed in this study has a surface heterogeneity with a non-uniform coating of
manganese oxides and the appearance of chromium species on the surface of the MCS sorbent is in
accordance with the coating of manganese oxides, suggesting that the effective surface component for
chromium adsorption is the coated manganese oxides. The surface element composition and their
oxidation states can be obtained from XPS spectra results. The occurrence of redox reaction between
chromium species and the MCS sorbent was confirmed by Cr(VI) species detected after the adsorption
of Cr(III) onto the MCS sorbent and Cr(III) species detected after the adsorption of Cr(VI) onto the MCS
sorbent. Partial reduction or oxidation of Cr(III) and Cr(VI) on the surface of the MCS sorbent can be
attributed to Mn(Il, III) oxides appeared on the MCS surface can act as either a oxidant or a reductant

because of its intermediate oxidation state.
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CHAPTER V
V. ADSORPTION OF CR(III) AND CR(VI) FROM WATER USING CRYSTALLINE
MANGANESE (11, I1I) OXIDES

5.1 Introduction

Manganese (Mn) can be considered one of the most complex metallic elements due to the fact that as
a transition metal, it obtains a series of oxidation states, ranging from -2 to +7. The oxidation states of
+2, +3, and +4 are the most stable and common ones [1]. The divalent species of manganese, Mn(II),
may be released from a wide range of igneous and metamorphic rocks by the weathering process into
various surface waters and into groundwater. Because of the high solubility of Mn(II) in acidic aqueous
systems, the ubiquitous presence of manganese deposition in sediments indicates a transformation or
oxidation of manganese from highly mobile and more soluble Mn(II) into the less soluble trivalent
species of manganese [Mn(III)] and the insoluble tetravalent species of manganese [Mn(IV)] [2]-[3].
The chemical precipitation of manganese is controlled both by the redox potential and the pH of the
system, where high pH or high redox potential favors the oxidization of mobile Mn(Il), resulting in
decreased manganese mobility. Manganese can be readily oxidized by natural oxidizing agents in soil
such as hydrogen peroxide (H20:) produced by cell metabolism or molecular oxygen (O2), forming a
wide range of manganese oxide or manganese hydroxide minerals [4]. These manganese minerals may
occur as fine-grained aggregates and veins, coatings or dendrites on the rock surfaces, and crusts or
nodules in the oceans. Around 90 percent of the current industrial production of manganese is used in
the production of steel and cast iron as a deoxidizing and desulfurizing agent or an alloying component.
Manganese oxides are commercially important ore minerals that can be used either in production of dry-
cell battery, glass, leather and textile or as a starting material for the production of other manganese

chemicals [5].

Manganese oxide minerals exhibit an unusually high adsorption capacity for trace metals in soils, and

therefore manganese deposits in sediments or soils can significantly alter the mobility and bioavailability
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of these metals/metalloids. Manganese oxides have been extensively studied as a potential effective
adsorbent of decontamination of a series of heavy metals such as lead, copper, zinc and cadmium, where
they exert the highest sorption affinity toward lead [6]-[9]. Except these metal cations, manganese
oxides also show adsorption behavior toward the metals and metalloids generally in the form of
oxyanions (As, U, Cr, and Se) [10]-[12]. Manganese oxides, including Mn(I1)O (manganosite),
Mn(IIT)OOH (manganite), Mnx(II1)O3, and Mn(IV)O: (pyrolusite), can form different crystal structures
with different oxidation states or within the same oxidation states. MnO, (manganese dioxide) is a
commonly employed manganese oxide in research with various origins (synthetic or biogenic) or crystal

structures.

Chromium (Cr) is a metal that may exist in several oxidation states, ranging from -2 to +6, while it is
mostly present in the two oxidation states of trivalent chromium [Cr(III)] and hexavalent chromium
[Cr(VI)] in natural waters [13]. Hexavalent chromium compounds are well known as laboratory
reagents and manufacturing intermediates. Major sources of hexavalent chromium in drinking water are
discharged from steel industry, pulp mills, or metal plating operations [14]. There is strong evidence to
consider hexavalent chromium as a carcinogen that may pose serious hazards towards human beings;
therefore, the removal of hexavalent chromium from source of drinking water is an important health
concern [15]. Only a handful of articles have investigated the adsorption of hexavalent chromium onto
manganese oxides, but their experimental conditions are not representative of actual environmental
conditions [8], [16]-[21]. The properties of chromium are highly dependent on the oxidation state of
chromium. Hexavalent chromium is considerably more mobile and toxic than trivalent chromium, and
is more difficult to remove from water due to the fact that Cr(VI) appears mainly as the soluble oxy-
anionic species of chromate (CrO4>") from pH 6 to 13.5, whereas the cationic Cr(III) may precipitate as
insoluble Cr(OH)3 in the same pH range. There are several pathways to immobilize the chromate species
(CrO4*) through adsorption by minerals and metal oxides or through reduction of Cr(VI) to Cr(III)

followed by precipitation of hydroxide/oxyhydroxide of Cr(IIl) [22]-[24]. Dissolved Fe(II), minerals
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with Fe(Il), sulfides, and particular organic matters appear to be the predominant reductants for Cr(VI)
[25], [26]. Various studies also investigated the possible oxidation and adsorption of Cr(IIl) by
manganese oxide minerals such as Mn(IIL,IV) oxide (birnessite) or Mn(IV) oxide (pyrolusite), the most
oxidized of the manganese oxides [27]-[32]. Not much research has been carried out on the adsorption
and removal of chromium from water by manganese (II, I1I) oxide, MnO and Mn,0Os3, the more reduced
forms of the common manganese oxides. Therefore, the aim of this study is to investigate the adsorption

and uptake of the two common chromium species [Cr(IIT) and Cr(VI)] by manganese (II, III) oxide.
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5.2 Materials and methods
5.2.1 Chemicals and reagents

Potassium dichromate (99.5% purity, ACS grade) and chromium chloride (CrClz-6H>0, 96% purity,

ACS grade) were obtained from Fisher Scientific (Fair Lawn, NJ, USA). De-ionized (DI) water was
produced inside the laboratory with a resistance of greater than 18 MQ. A stock solution of 1000 mg/L
Cr(VI) was prepared by mixing potassium dichromate (K,Cr,O7) with deionized water. A stock of
solution of 1000 mg/L Cr(III) solution was prepared by mixing chromium chloride with deionized water.
All other chemicals employed in this study were analytical grade. Sodium hydroxide (NaOH, 99.5%
purity, ACS grade), hydrochloric acid (HCI, ACS plus grade) and nitric acid (HNO3, trace metal grade)

were obtained from Fisher Scientific (Fair Lawn, NJ, USA).

5.2.2 Sorbent characterization

The manganese (II) oxide (MnO, 99% purity, ACS grade) and manganese (III) oxide (Mn203, 99%
purity, ACS grade) sorbents used in all experiments were obtained from Alfa Aesar (Ward Hill, MA,
USA). The specific surface area of the MnO and Mn2O3 sorbents were measured with an Accelerated
Surface Area and Porosimeter system (Micromeritics Instrument Corporation, Norcross, GA, USA).
The particle size of the MnO and Mn2Os3 sorbents were 60 mesh and 325 mesh and the BET surface
area of the MnO and Mn>Os adsorbents were determined to be 0.47 m?/g and 2.2 m?/g, respectively.
The X-ray diffraction (XRD-Bruker D8 Discover System, MA, USA) pattern was obtained with Cu Ka
radiation at 40KV and 30mA to analyze the structure of the MnO and Mn2Oj3 sorbents at atomic level.
As shown in Figure 5.1 and 5.2, the acquired XRD pattern of the MnO sorbent was matched with the
Crystallography Open Database which confirmed that the main crystalline phase of the MnO sorbent
was manganosite (MnxOy, x=1, y=1) and the acquired XRD pattern of the Mn2O3 sorbent was match
with Crystallography Open Database which confirmed that the main crystalline phase of the Mn20O3

sorbent was manganese (III) oxide (MnyOy, x=2, y=3).
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5.2.3 Batch adsorption experiments

Batch adsorption experiments were conducted in sealed 50 mL high density polyethylene (HDPE)
bottles. One gram of the MnO or Mn,Os3 sorbent (1 g) was placed in each bottle and then 50 mL of the
chromium solution was added to the bottle. The 1 g of the MnO or MnO3 sorbent was mixed with either
50 mL of a Cr(III) solution or with 50 mL of a Cr(VI) solution with an initial concentration of 1 mg/L
to 10 mg/L chromium. The bottles were placed inside a rotating tumbler and shaken for a period of
24 hours at 16 rpm to reach equilibrium. After 24 hours of contact time, the mixture of the MnO or
Mn;03 sorbent and solution from each bottle was removed from the tumbler and the MnO or Mn,0O3
sorbent was separated from the supernatant solution using centrifugation at 8000 rpm for 10 minutes. A
10-mL sample of the supernatant was acidified to a pH less than 2 by adding concentrated nitric acid
(HNO:3) and then analyzed for chromium using flame atomic absorption spectroscopy (FAAS) with a
Perkin-Elmer AAnalyst 800 system (Perkin-Elmer, Waltham, MA, USA). A chromium hollow cathode
lamp (HCL) at 357.9 nm was used to detect chromium. The atomic absorption calibration range was
from 0.25 to 1.5 mg/L chromium. The adsorption and uptake of chromium by the MnO or Mn2O3

sorbent was determined using the following equation:

Co—Ce
qe:(o )V (1)

m

Where Cop and C. are the initial and equilibrium concentration of chromium in the solution (mg/L), g. is
the uptake of chromium by the MnO or Mn»O3 sorbent (mg/kg), m is the weight of the MnO or Mn,03
sorbent (kg) and V is the volume of solution (L).
5.2.4 pH experiments

Mixtures of 1 g of the MnO or Mn,O3 sorbent and 50 mL solutions of either Cr(III) or Cr(VI) with an
initial chromium concentration of 1 mg/L were prepared according to the batch adsorption experimental
procedure described earlier. The initial pH of the solutions containing either 1 mg/L Cr(IIl) or 1 mg/L
Cr(VI) were adjusted (pH = 2-10) using 0.1 M hydrochloric acid (HCI) and 0.1 M sodium hydroxide

(NaOH) prior to contact with the MnO or Mn2O3 sorbent. The pH of all solutions after contact with the
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MnO or Mn;03 sorbent (and adsorption of chromium) were measured and reported as the final pH value
(equilibrium pH).
5.2.5 Zeta potential measurements

The net effective charge is determined by measuring the zeta potentials of different suspensions of the
MnO or Mn>Os3 sorbent using the Zeta-meter system 3.0 (Zeta meter Inc, Staunton, VA, USA). The 1
g/L suspensions of the MnO or Mn,O3 sorbent were prepared without chromium, with 1 mg/L Cr(III),
or with Img/L Cr(VI) in solutions containing 1 mM sodium chloride (NaCl). The initial pH value of the

solutions were adjusted from 2 to 12 by adding 0.1 M HCl and 0.1 M NaOH.
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5.3 Results and discussion
5.3.1 Adsorption isotherm experiments

The Langmuir, the Freundlich, the Dubinin-Radushkevich (D-R) and the Temkin adsorption equations
were employed to describe the adsorption of chromium species onto the MnO or Mn>Os sorbent;
valuable information in terms of the adsorption mechanism, adsorbent surface properties and adsorption
energy may be gained by applying these adsorption models [33]. The Langmuir empirical adsorption
model assumes that the sorbent surface consists of identical and equivalent adsorption sites that only
allow monolayer adsorption [34]. The Langmuir adsorption equation is expressed by the following
equation:

K C
:que (2)
1+K,C,

e
where C. is the equilibrium concentration of chromium in solution (mg/L), g. is the uptake of chromium
at equilibrium (mg/kg), gm is the (maximum) adsorption capacity of the adsorbent (mg/kg), and K1 is the
Langmuir constant related to the free energy of adsorption which may be referred to as the binding or

affinity parameter of the adsorption system. These parameters are determined from a linearized plot of

the Langmuir Equation as follows:

c, ¢, 1

qe qm KL qm

(3)

The Freundlich adsorption equation describes a non-ideal and reversible adsorption process, which
can be applied to multilayer adsorption on a heterogeneous adsorbent surface with a range of binding
energies [35]. The Freundlich adsorption equation is described in equation (4) and the corresponding

linearized form of the Freundlich equation is shown in equation (5):

Yn
qe = KFCe (4)

1
logq., = logKr + ElogCe (5)
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where Kr and 1/n are Freundlich constants indicative of adsorption capacity and adsorption strength (or
intensity), respectively, Ce is the equilibrium concentration of chromium in solution (mg/L), and qe is
the uptake of chromium at equilibrium (mg/kg).

The Temkin adsorption model takes into account the interactions between adsorbent and adsorbate
involving the heat of adsorption [36]. The empirical equation of the Temkin adsorption model is

presented in equation (6) and can be shown in the linearized form in equation (7):

RT

qe = Tln (AC,) (6)
RT RT

de = TlnA +7lnCe (7)

where A (L/mg) is the Temkin equilibrium binding constant corresponding to the maximum binding
energy, b (J/mol) is the heat of adsorption, T is absolute temperature (K) and R is the universal gas
constant (8.314J/mol-K).

The Dubinin-Radushkevich (D-R) adsorption model is another empirical model which can be fitted
with the adsorption equilibrium data to distinguish between the physical and chemical adsorption by
determining the mean free energy [37]. The D-R adsorption model is described in equations (8) - (9),

and can be linearized as shown in equation 10:

qe = qs exp(—Kpre?) (8)
1

e=RTIn(1+—=) 9
Ce

lnqe = lnqs _KDR‘E‘2 (10)

where qc is the uptake of chromium at equilibrium (mg/kg), Ce is the equilibrium concentration of
chromium in solution (mg/L), gs is the maximum adsorption capacity (mg/kg), € is Polanyi potential,
Kbpr is a constant related to the mean free energy of adsorption, T is absolute temperature (K) and R is
the universal gas constant (8.314J/mol-K). The mean free energy of adsorption can be computed using

the following equation,
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1
E=—— (11)

v (2Kpr)

If a calculated mean free energy (E) is less than 8 kJ/mol, it would be indicative of physical sorption; if
E value falls into the range of 8 to 16 kJ/mol, it would suggest that the sorption process is likely

chemisorption.
The adsorption data for adsorption of chromium onto the MnO or Mn,O3 sorbent obtained from the

adsorption isotherm experiments performed for Cr(Ill) and Cr(V) are presented in Figure 5.3 and 5.4,

respectively.
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128



200 | ®
180 | Y
160 |

140

—

[\

(=]
T

qe (mg/kg)
>
o
()

80 |
60 9O

20 | oCr(Il)

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
b 0 1 2 3 4 5 6 7 8 9 10
C. (mg/L)

200
180

160 |

—

[\

(=]
T

qe (mg/kg)
S
O
O

80 O
60 O
40 |
20 OCr(VI)

C. (mg/L)

Figure 5. 4 Adsorption isotherm data for chromium: (a) Cr(IIl) and (b) Cr(VI) onto the Mn>O3 sorbent

129



The adsorption parameters of the four aforementioned adsorption models were determined from the

adsorption isotherm data obtained for adsorption of Cr(IIl) and Cr(VI) onto the MnO or Mn,O3 sorbent

are presented in Table 5.1 and 5.2.

Table 5. 1 Adsorption parameters for adsorption of Cr(III) and Cr(VI) onto the MnO sorbent

Isotherm Parameter Cr(11I) Cr(V]D)
Langmuir Ki(L/mg) 2.0 6.05
gm(mg/kg) 125 78.7
R? 0.991 0.992
Freundlich Kr 77.5 66.6
I/n 0.189 0.042
R? 0.905 0.819
Temkin A(L/mg) 0.194 603.4
b(kJ/mol) 0.147 0.479
R? 0.855 0.896
D-R E(kJ/mol) 5.09 8.51
R? 0.543 0.793

Table 5. 2 Adsorption parameters for adsorption of Cr(III) and Cr(VI) onto the Mn2O3 sorbent

Isotherm Parameter Cr(I11) Cr(VI)
Langmuir Ki(L/mg) 1 3.04
qm(mg/kg) 222.22 131.58
R? 0.9207 0.9873
Freundlich Kr 107.920 93.498
I/n 0.2698 0.1545
R? 0.866 0.9545
Temkin A(L/g) 54.93 958.145
b(J/mol) 75.75 160.73
R? 0.7945 0.9547
D-R E(kJ/mol) 4.834 4.857
R? 0.5 0.9149
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The high value of correlation coefficients (R?) of 0.991 for Cr(III) onto the MnO sorbent and 0.9207
for Cr(III) onto the Mn>O3 sorbent and 0.992 for Cr(VI) onto the MnO sorbent and 0.9873 for Cr(VI)
onto the Mn,O3 sorbent indicate that the adsorption data are well fitted to the Langmuir adsorption model,
suggesting that the favorable adsorption of Cr(III) and Cr(VI) onto the MnO and Mn,O3 adsorbents. The
Langmuir constant related to free energy of adsorption (K1) was determined to be 2.0 L/mg for Cr(III)
onto the MnO sorbent and 1.0 L/mg for Cr(III) onto the Mn>Os3 sorbent and 6.05 L/mg for Cr(VI) onto
the MnO sorbent and 3.04 L/mg for Cr(III) onto the Mn,O3 sorbent, indicating that the MnO and Mn0O3

sorbents adsorbed Cr(VI) more strongly than Cr(III).

The adsorption data were found to be in agreement with the Freundlich adsorption model with R?
value of 0.819 for Cr(IIl) onto the MnO sorbent, 0.866 for Cr(IIl) onto the Mn>O3 sorbent, 0.905 for
Cr(VI) onto the MnO sorbent and 0.9545 for Cr(VI) onto the Mn>O3 sorbent. However, a comparison
of R? values for the Langmuir and the Freundlich models shows that the Langmuir adsorption model
provides a better fit for adsorption data of chromium, indicating that the surfaces of the MnO and Mn,0Os
sorbents are more likely homogenous and that monolayer adsorption can be assumed for adsorption of
both Cr(IIT) and Cr(VI) onto the surface of the MnO and Mn»O3 sorbents. The Freundlich parameter 1/n
for both chromium species is less than 1.0 (0.189 for Cr(III) and 0.042 for Cr(VI) onto the MnO sorbent
and 0.27 for Cr(IIl) and 0.15 for Cr(VI) onto the Mn,O3 sorbent), indicative of favorable adsorption of
both Cr(IIT) and Cr(VI) onto the MnO and Mn,Os3 sorbents. For Cr(VI), the larger Ky, from the Langmuir
equation and the smaller 1/n from the Freundlich equation are both indicative of a more favorable and
stronger binding of Cr(VI) than of Cr(IIl) with the surface of the MnO and Mn,Os sorbents [38]. The
Temkin constant A related to the binding energy was much larger for Cr(VI) than for Cr(III). The values
of the Temkin constant b (indicative of heat of adsorption) were positive for both Cr(IIl) and Cr(VI),
suggesting that the adsorption process of both chromium species were exothermic [39], while the
Temkin constant b was several times larger for Cr(VI) than for Cr(III). The mean free energy (E) for

uptake of Cr(IIl) and Cr(VI) by MnO determined from the D-R adsorption equation was found to be 5.1
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kJ/mol and 8.5 kJ/mol and the mean free energy (E) for uptake of Cr(Ill) and Cr(VI) by Mny0s
determined from the D-R adsorption equation was found to be 4.834 kJ/mol and 4.857 kJ/mol,
respectively. The value of E for Cr(VI) is above 8 kJ/mol which is indicative of the chemisorption of
Cr(VI) onto the MnO sorbent, while the E value of Cr(III) adsorption onto the MnO and Mn,O3 sorbents
and Cr(VI) adsorption onto the Mn2O3 are below 8 kJ/mol which is indicative of physical adsorption
[34]. The Langmuir constant K1, the Freundlich constant 1/n, the Temkin constants (A and b) and the
D-R constant E for adsorption of Cr(III) and Cr(VI) are in good agreement with each other, showing that
the MnO and Mn>O3 sorbents displayed stronger binding and greater affinity for adsorption of Cr(VI)
than for adsorption of Cr(III).
5.3.2 Effect of pH on adsorption

The pH is an important factor controlling the chromium adsorption process due to the fact that it
impacts the extant forms of chromium species, the surface charge of metal oxides and the surface
protonation [40]. Cr(III) can be found either as insoluble species such as chromium oxide(Cr,0O3) and
chromium hydroxide [Cr(OH)3] or as soluble species such as chromium hydroxide cations or anions at
different pH values [41]. Cr(III) generally forms insoluble chromic oxide(Cr,03) from approximately
pH 5.0 to 13.5 or insoluble and amorphous chromium hydroxide Cr(OH)s from approximately pH 8 to
12 [13]. Soluble chromic cations Cr*" is generally present in solution at pH range of 2-8, while chromium
hydroxide cations Cr(OH)** and Cr(OH)," become the main products of dissolution of Cr(III) species at
pH greater than 4 to pH 7.5. At extreme pH (pH above 10), soluble chromium hydroxide anion Cr(OH)4
would be formed with presence of excessive hydroxide ions in solution [42]. Cr(VI) is extensively
hydrolyzed and present as soluble oxy-anion species in aqueous environment [13]. The first and second
acid dissociation constants (pKa) for chromic acid (H2CrOs) are 0.74 and 6.49, respectively [43].
Therefore, Cr(VI) generally forms soluble anionic species dichromate (HCrO4) from pH 2 to 6.49 and
chromate (CrO4*) from pH 6.49 to 14. The formation of surface hydroxyl group on metal oxides (e.g.
MnOH) to obtain the more favorable charge distribution may result in surface protonation or

deprotonation, which renders the metal oxide surface positively charged or negatively charged [44]:
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MnOH + H* & MnOH; (12)
MnOH & MnO~ + H* (13)

The Geochemist’s Workbench (GWB) 12.0.4 was employed to develop Eh-pH diagram for
manganese species (Figure 5.5). The data for the adsorption and uptake of Cr(III) and Cr(VI) by the
MnO or Mn,0s sorbent as function of initial solution pH are presented in Figure 5.6 and 5.7. The results
from Figure 6 and 7 show that the adsorption of both Cr(IIl) and Cr(VI) onto the MnO and Mn,O3
sorbents decreased with increasing pH. The uptake of Cr(VI) decreased gradually from 88% to 78% of
the maximum uptake for the MnO sorbent and from 88% to 66% of the maximum uptake for the Mn,0O3
sorbent from pH 2 to pH 9, whereas the uptake of Cr(IIl) decreased sharply from 99% to 52% of the
maximum uptake for the MnO sorbent and decreased slightly from 98% to 85% of the maximum uptake
for the Mn,O3 sorbent at the same pH range. A significant loss in the adsorption of both Cr(IIl) and
Cr(VI) onto the MnO sorbent was observed at pH greater than 9, with 19% and 23% of the maximum
uptake occurring at pH value of 12 for Cr(Ill) and Cr(VI), respectively. Adsorption of Cr(III) onto the
Mn;03 sorbent experienced a sharp decrease from 61% to 6% of the maximum uptake when pH was
raised from 8 to 9, while adsorption of Cr(VI) onto the Mn>O3 sorbent decreased significantly from 66%
to 12% with the increasing pH from 9 to 10. As the initial pH increased from 8 to 12, Cr(III) was expected
to combine with the hydroxide species (OH") to precipitate as Cr(OH)3 on the surface of the MnO sorbent
[13]. However, it can be seen from Figure 5.6 and 5.7 that the uptake of Cr(III) onto the MnO and
Mn;0s3 sorbents decreased at pH above 9 ,which may be attributed to the continued reaction between
Cr(I1I) and OH to form the soluble species of Cr(OH)4™ and to the competition between Cr(OH)s and
OH [28]. The final pH values (pH after adsorption) presented in Figure 5.6 show that the final pH
increased substantially when the initial pH fell into the range of 2-6 and decreased slightly when initial
pH value was above 7 for chromium adsorption onto the MnO sorbent. The dissolution of MnO in acidic
solution (pH < 7) was found to be conducive to the release of hydroxide ions in solution which raised

the solution pH [45].
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Figure 5. 5 Eh-pH diagram for manganese
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5.3.3 Effect of surface charge on adsorption

The zeta potential ({) measurement is a characterization technique to quantify the net surface charge
of metal oxides/hydroxides particles in solution. The point of zero charge (PZC) is the pH of the solution
at which the net charge of the metal oxides surface is zero [46]. To understand the interactions between
the two chromium species when in contact with manganese (II, I11) oxide’s surface, the zeta potential of
the MnO and Mn;0O3 sorbents were measured using 1g/L. of the adsorbent in an aqueous solution
containing 1mM NaCl with and without the chromium species. As shown in Figure 5.8 and 5.9, the
pHpzc of the MnO sorbent was determined to be 10.39 in the absence of chromium, 10.16 in the presence
of Cr(II) species and 10.26 in the presence of Cr(V) species and the pHpzc of the Mn,O3 sorbent was
determined to be 6.88 in the absence of chromium, 9.91 in the presence of Cr(Ill) species and 7.03 in
the presence of Cr(VI) species. The surface of the MnO and Mn2Os sorbents were positively charged at
pH values below pHpzc and negatively charged at pH values above pHpzc. A major shift in PZC of the
MnO sorbent was not observed regardless of the presence of chromium or the type of chromium species.
A significant shift in PZC of the Mn,0O3 sorbent was observed for the Cr(IIl) adsorption and was not

observed for the Cr(VI) adsorption.

Cr(III) may be present in the solution phase as several cationic species (pH 2-7.5), as the neutral
species Cr(OH)s (pH 8-12) and as the anionic species Cr(OH)4 (pH above 10). There is little
electrostatic attraction between the positively charged surface of the MnO sorbent in the pH range of 2-
10 and the Mn2O3 sorbent in the pH range of 2-7 and either the cationic or the neutral species of Cr(III).
Since the contribution of electrostatic attraction to the adsorption of Cr(III) species onto the MnO sorbent
is insignificant in the pH range of 2-10, the adsorption of Cr(III) species in this pH range may therefore
be attributed to outer-sphere complexation, which did not result in a significant shift in the PZC of the
MnO sorbent in contact with Cr(III) species. A significant increase of PZC from 6.88 to 9.91 indicates
that Cr(IIl) adsorption onto the Mn,O3 sorbent is inner-sphere complexation. Cr(VI) is present in the

solution phase as oxy-anionic species (chromate or bichromate). Specific adsorption or inner-sphere
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adsorption can be inferred from the occurrence of a shift in the PZC because specific adsorbed ions are
considered to reside inside of the shear plane of adsorbent resulting in a significant change of the surface
charge [44]-[46]. Since no significant shift in PZC of the MnO and Mn»Os3 sorbents occurred after the
adsorption of Cr(VI), the adsorption of Cr(VI) was therefore either due to the outer-sphere complexation

of Cr(VI) or due to the possible transformation of Cr(VI) species to Cr(II) species.

50

40

30

20

ZP(mV)
=)

-10 F
~5-1g/L MnO+1mM NaCl+1mg/I Cx(III)

—A—1g/L MnO+1mM NaCl+1mg/L Cr(VI)
—©~1g/L MnO+1mM NaCl

pH

Figure 5. 8 Zeta potential of the MnO sorbent in the presence of Cr(III) and Cr(VI)
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Figure 5. 9 Zeta potential of the Mn,O3 sorbent in the presence of Cr(III) and Cr(VI)
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5.3.4 Surface characterization

X-ray photoelectron spectroscopy (XPS-Kartos AXIS-165, Manchester, UK) was employed to
investigate the chemical oxidation states of manganese and chromium, the structure of the MnO and
Mn>O3 sorbents and possible chemical bonds after the adsorption of the chromium species onto the MnO
or Mn2O3; sorbent. Spectroscopic investigation is necessary to confirm the aforementioned hypothesis
that Cr(VI) can be partially adsorbed onto the manganese (ILIII) oxides surface followed by the
transformation of Cr(VI) to Cr(Ill) by direct electron donation of Mn?" and Mn** [50]. X-ray
photoelectron spectroscopy (XPS) is a near-surface sensitive technique that predominately employed in
determining the oxidation states of an element [48]-[50]. In order to prepare samples for XPS analysis
of the chromium species adsorbed onto the MnO or Mn203 sorbent, we mixed 5 g of the MnO or Mn2O3
sorbent separately with a 100 mg/L solution of Cr(IlI) and with a 100 mg/L solution of Cr(VI). We
analyzed the MnO and Mn20O3 sorbent samples after adsorption using XPS to identify the oxidation states
of chromium and manganese on the surface of the MnO or Mn2O; sorbent. Figure 5.10-13 show the

XPS spectra for the MnO or Mn>O3 sorbent after adsorption of Cr(VI) and Cr(III) species.

Figure 5.10 and 5.11 present the XPS spectra of the elements on the surface of the MnO and Mn,0O3
sorbents, showing that chromium (Cr) was detected on the surface of the MnO and Mn>O3 sorbents
samples exposed to the solution of Cr(II) and to the solution of Cr(VI), respectively. The XPS results
from Figure 5.10 and 5.11 indicate that both chromium species were either adsorbed or precipitated onto
the surface of the MnO and Mn2Os3 sorbents. Figure 5.12 and Figure 5.13 show the XPS spectra for
chromium species present on the surface of the MnO or Mn203 sorbent samples exposed to solution of
Cr(III) and to solution of Cr(VI), respectively. The results from Figure 5.12 and Figure 5.13 show the
Cr 2p peaks of chromium adsorbed onto the MnO or Mn20s sorbent samples; they include five peaks at
575.9,576.7,577.7,578.7 and 579.1 eV, corresponding to the binding energy of the 2p3, of Cr(Ill) in
Cr203 and Cr(OH)3 for the MnO sorbent sample exposed to the Cr(VI) solution (Figure 5.12b), and one

peak at 579.3 eV, corresponding to the binding energy of the 2p3» of Cr(IIl) in Cr(OH); for the MnO
140



sorbent sample exposed to the solution of Cr(III) (Figure 5.12a); they include three peaks at 574.5, 575.7,
and 577.3 eV, corresponding to the binding energy of the 2p3; of Cr(IIl) in Cr2O3 and Cr(OH)s for the
Mn>O3 sorbent sample exposed to the Cr(III) solution (Figure 5.13a) and one peak at 577.3 eV and one
peak at 579.0 eV, corresponding to the binding energy of the 2p3;» of Cr(IIl) in Cr(OH)3 and the 2p3/»
of Cr(VI) in chromate ion for the Mn>O3 sorbent sample exposed to the solution of Cr(VI) [51]-[54].
The results from Figure 5.12 show that there is no contribution of peaks relating to Cr(VI) species on
the surface of the MnO sorbent sample exposed to the solution of Cr(VI). Therefore, the XPS analysis
indicates that both the adsorption of Cr(VI) and the reduction of Cr(VI) occurred within the MnO
sorbent-solution system and that hexavalent chromium [Cr(VI)] was completely reduced to trivalent
chromium [Cr(III)] on the surface of the MnO sorbent exposed to the solution of Cr(VI). The appearance
of both Cr(Ill) and Cr(VI) species after the adsorption of Cr(Ill) or Cr(VI) onto the Mn,O3 sorbent
suggest that Mn>Os3 possesses the ability to either oxidize Cr(III) into Cr(VI) or reduce Cr(VI) into Cr(III)

as an intermediate oxidation state for manganese species.

As for the oxidation state of manganese on the MnO sorbent surface after exposure to the solution of
Cr(VI), the peak observed at 641.0 eV for Mn 2p3» (Figure 5.10a) is well compared to the binding
energy of Mn(Ill) in MnOOH (manganite) and Mn>O3, which indicated that Mn(Il) was transformed to
Mn(IIT) [49], [55]. The peak observed at 638.6 eV for Mn 2p3» (Figure 5.10b) was solely attributed to
Mn(II) in the MnO sorbent; this shows that the oxidation state of manganese on the surface of the MnO
sorbent after exposure to the solution of Cr(IIl) remained as Mn(II) with no other (higher) oxidation
states of manganese present on the sorbent surface, indicating that no redox reactions involving
chromium or manganese were involved in the adsorption of Cr(IIl) onto the MnO sorbent. Specific
change of the oxidation state of manganese on the Mn2Os sorbent surface after exposure to the solution
of Cr(III) and Cr(VI) can be obtained from the Figure 5.11. It can be observed that the peak at 642.5 eV

for Mn 2p3,2 (Figure 11b) resulted from the appearance of MnO; at the surface of the Mn,O3 sorbent after
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contacting with Cr(VI) solution and the peak at 641 eV for Mn 2p3. (Figure 5.11a) resulted from the

appearance of MnOOH at the surface of the Mn2O3 sorbent after contacting with Cr(III) solution.
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Figure 5. 10 XPS all element spectra of the MnO surface after adsorption of (a) Cr(III) and (b) Cr(VI)
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5.5 Conclusion
This study evaluated the adsorption and uptake of Cr(IlI) and Cr(VI) from aqueous solutions by the

MnO and Mn»O3 sorbents. Based on the adsorption parameters obtained from several adsorption models,

the adsorption of Cr(IIl) and Cr(VI) followed the Langmuir and Freundlich adsorption models with the

MnO and Mn2O3 sorbents exhibiting a stronger binding for adsorption of Cr(VI) than for adsorption of
Cr(IIT). The D-R equation parameters were suggestive of adsorption of Cr(IIl) onto the MnO sorbent

and both Cr(III) and Cr(VI) onto the Mn>Oj3 sorbent as physisorption and adsorption of Cr(VI) onto the

MnO sorbent as chemisorption. The adsorption of both chromium species decreased appreciably for pH

values greater than 9 due to the fact that the MnO sorbent obtained a PZC of about 10 in the absence of
or in the presence of chromium species, while the adsorption of Cr(IIl) and Cr(VI) onto the Mn>O3

sorbent experience a drastic drop with increasing pH from 9 to 10 and from 8 to 9, respectively, due to

the reversal of the surface charge. The XPS spectra combined with the results from the adsorption

parameters, the effect of pH and the effect of surface charge indicate that the mechanism of adsorption

of Cr(VI) onto the MnO sorbent surface was likely through the adsorption of oxy-anionic species of
Cr(VI) followed by the reduction of Cr(VI) to Cr(III) on the surface of the MnO sorbent. The reduction

of Cr(VI) to Cr(IIl) occurred through either the oxidation of Mn(II) to Mn(I1I) in solution or the oxidation

of Mn(II) to Mn(III) on the surface of the MnO sorbent, followed by the subsequent precipitation of
chromium and manganese onto the MnO sorbent surface as Cr(OH)3 and MnOOH, respectively, or that

the Cr(VI) is directly reduced to Cr.O3 and the MnO is oxidized to Mn>O3. The appearance of both Cr(III)
and Cr(VI) species on the Mn,O3 sorbent surface after chromium adsorption can be explained by that

Mn>0O3, as intermediate oxidation state, has the potential to either reduce Cr(VI) into Cr(III) or oxidize

Cr(III) into Cr(VI).
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CHAPTER VI
VI. SURFACE COMPLEXATION MODELING OF CHROMATE ADSORPTION ON
MANGANESE OXIDES

6.1 Introduction

Chromium is a metal that exists in several oxidation states, ranging from chromium (-II) to chromium
(+VI), whereas it is mostly present in two valence states of trivalent chromium and hexavalent
chromium in natural water [1], [2]. Chromium compounds are most stable in the trivalent oxidation
state and can be found in the nature as trivalent chromium compounds or ores. The hexavalent state, on
the other hand, rarely occurs naturally. Hexavalent chromium compounds are well known as laboratory
reagents and manufacturing intermediates. Major sources of hexavalent chromium in drinking water are
discharged from steel and pulp mills, metal plating operations and erosion of natural deposits of trivalent
chromium that can be oxidized into hexavalent chromium [3], [4]. There is strong evidence to consider
hexavalent chromium as carcinogen that can pose serious hazards towards human beings; therefore the
removal of hexavalent chromium from source of drinking water is an important health concern [5]-[8].
Adsorption is considered to be an effective, economic, eco-friendly technology for the removal of heavy
metal contaminants from drinking water [9]-[11]. Hydrous manganese oxides are mostly found in forms
of discrete particles or coating on other mineral grains [12], [13]. They have been found to be potential
effective absorbents to remove hexavalent chromium because of its high exchange capacity and

selectivity towards toxic heavy metal ions [14]-[18].

Manganese can be considered one of the most complex metallic elements due to the fact that as a
transition metal, it obtains a series of oxidation states, ranging from -2 to +7, and +2, +3, +4 are the most
stable and common ones. Surface complexation modeling has been applied to simulate the interactions
between aqueous species and mineral surface at solid/solution interfaces and predict the fate and
transport process of certain concerned toxic species such as hexavalent chromium when they appear in

natural water systems [19]. Each SCM model describes the structure of the electrical double layer
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differently in terms of the relationships between charge and potential and the position of surface
complexes relative to mineral surfaces [20], [21]. These models can be divided in to sorption taking
place at surface binding sites and sorption simply following mass law equations. Manganese oxides
mineral has been intensively investigated and developed an internally consistent sorption database that
contains a series of cations such as Co**, Cu?', Mg**, Ni*" and Zn?* [14], [22]. However, data sets of
chromium and other anion adsorption on Mn oxides were hardly developed. In previous spectroscopy
studies, we discovered the mechanism of adsorption of chromate ions onto manganese oxides is surface
complexation accompanying with reduction of solution-phase chromate ions into Cr(IIl) later on
precipitated onto solid surface. The possible reduction of Cr(VI) into Cr(Ill) in presence of relatively
more reduced format of Mn, Mn(II) or Mn(III), is an essential element when modeling the adsorption
process between chromate ions with manganese oxides. In this chapter, based on the information
gathered from previous studies and literatures, we developed a surface complexation model to
specifically describe the system under study. It is of critical importance to obtain consistent model
parameters such as specific surface area, site densities, surface complexes and their stability constants.
The evaluation of chromate reduction incorporated in the model is necessary to accurately depict the
specific adsorption reaction between different manganese oxides in solid phase and Cr(VI) in solution
phase. The goal of this chapter is to develop a robust model to describe adsorption of chromate ion as
oxyanion onto manganese oxides surface under wide reaction conditions that can be suitable for

modeling Cr(VI) fate and transport in real life scenario without major revisions.
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6.2 Materials and methods
6.2.1 Description of SCM model

Two-pK triple layer surface complexation model (TLM) is employed in our study to accurately
describe chromate adsorption on manganese oxides [23]. Titration data previously published were used
to obtain the optimal values of model parameters including adsorption stability constants, site density
and the linear charge-potential coefficients [21]. The surface area of sorbent was characterized by N»-
Brunauer-Emmett-Teller adsorption method. The model parameters were then included into Visual
Minteq program to assess and predict the adsorption between chromate with manganese oxides. The
reduction potential was also specified in Visual Minteq progam to account for the possible reduction
reaction.
6.2.2 Adsorption studies

Batch adsorption studies were conducted in well-sealed 50-mL high density polyethylene (HDPE)
centrifuge tube with different adsorbents (MnO and Mn>O3). An identical amount of each adsorbent
(1g) was mixed with 50mL of Cr(VI) solution with prescribed concentration of 1mg/L prepared from
potassium dichromate (K>Cr2O7). The initial pH of Img/L Cr(VI) stock solutions were adjusted (pH
=2~10) using 0.1M hydrochloric acid (HCl) and 0.1M sodium hydroxide (NaOH) prior to contact with
different adsorbents. A series of samples were shaken in a rotary tumbler for a reaction period of 24
hours at 16 rpm to reach equilibrium. To obtain the equilibrium concentration of chromium, all samples
were centrifuged at 8000 rpm for 10 minutes to separate the supernatant from adsorbents and a 10-mL
sample was taken from each sample into a test tube that later acidified by adding two drops of

concentrated nitric acid (HNO3) and analyzed by flame atomic absorption spectroscopy.
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6.3 Results and discussion
The formation of hydroxyl group on metal oxides to obtain the more favorable charge distribution can
result in surface protonation or deprotonation which renders a solid surface positive or negative charged
[24], [25].
SOH + H* & SOHS (1)

SOH & SO~ + H* 2)

Various surface complexation models depict different surface configuration and location of adsorbed
ions. The constant capacitance model (CCM) or diffuse layer model (DLM) are indicative of formation
of inner-sphere complexes located at a single surface plane, while a diffuse layer (d-plane) further
extended to solution phase is included into the DLM. The triple layer model (TLM) adds another surface
plane (B-plane) between surface o-plane (inner-sphere complexes) and d-plane (diffuse layer) to account

for the possible formation of outer-sphere complexes (Figure 6.1) [19].
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Figure 6. 1 Different surface planes in SCM models (a) constant capacitance model; (b) diffuse layer
model; (¢) triple layer model.
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The spectroscopic studies accompanying with zeta potential data sets of chromate adsorption onto
manganese oxides have suggested adsorbed chromate ions forming both inner-sphere complexes and
outer-sphere complexes. Therefore, TLM is specifically selected for our study due to the inclusion of
both surface complexes. In order to accurately modeling the adsorption process under our study, it is
reasonable to separate surface complexation and redox reaction and fit them with different reaction
models, respectively. We introduced the electrical potential values under different system conditions to
evaluate the degree of reduction of Cr(VI) into Cr(III).

6.3.1 Surface complexation modeling

Specific surface area (SSA) is the total reactive surface area for solutes per unit weight of the sorbent
that most commonly determined by N2-Brunauer-Emmett-Teller adsorption method. The input value for
SSA in this study is derived from a collection of literature values. The spectroscopic results of Mn>O3
overloaded with Cr(VI) solution show that 70% of adsorbed chromium remains at hexavalent, while 30%
of adsorbed chromium is reduced into trivalent (Figure 6.2). There are two possible mechanisms of this
redox reaction: (1) chromate ions are directly adsorbed onto surface of Mn»Os and then reduced on the
solid surface; (2) hexavalent ions are reduced into trivalent in the solution phase and subsequently
precipitated onto solid phase. Pervious research on chromate removal by reduction suggests the high
probability of initial reduction in solution followed by precipitation as Cr(OH); [26]-[30].

For the TLM, site density, stability constant, and inner-layer/outer-layer capacitance are derived from
previously published titration data and tested with possible reaction stoichiometries [31], [32].
Monodentate, inner-sphere complexes:

> MnOH + CrO;~ + H* & > MnCr0O; + H,0 3)
Bidentate, inner-sphere complexes:

2> MnOH + Cr0;~ + 2H* < > Mn,Cr0, + 2H,0 4)
Monodentate, outer-sphere complexes:

> MnOH + Cr02~ + HY & > MnOH; — Cr02~ (5)
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Figure 6. 2 Cr photoemission spectra of Mn2O3

All the site density data with correspondent equilibrium constants of surface complexation reactions
and the linear charge-potential coefficients are shown in Table 6.1. Redox reaction can be included into
TLM model by introducing redox potential (Eh) into Visual Minteq 3.1. Redox potential (Eh) is the
indicator of reducing or oxidizing ability and directly related to pH value. The relatively low pH favors
the reduction of chromate in solution. We specified the Eh value in the program and add the Cr(II1)/Cr(VI)

redox couple into modeling system to account for the redox reaction taken place.
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Table 6. 1 The Input Values for TLM model

Inner-layer capacitance C; Outer-layer capacitance C; Site density SSA
(F/m?) (F/m?) (mmol/m?) (m?/g)
1.8 0.3 2.6 120

Table 6. 2 Stability Constants for TLM model

Surface reactions Log Stability constants (Log K)

> MnOH + Cr02~ + H* & > MnCr0; + H,0 9.4

2> MnOH + Cr0O;~ + 2H* & > Mn,Cr0, + 2H,0 10.6

> MnOH + CrO;~ + Ht & > MnOHS — CrO;~ 8.57

To understand the possibility of chromium reduction when in contact with manganese oxides surface,

the Geochemist’s Workbench (GWB) 12.0.4 is employed to develop Eh-pH diagram on chromium and

manganese species (Figure 6.2). Chromium appears mainly as dissolved species bichromate (HCrO4")

or chromate (CrO4?) with pH more than 3, while trivalent chromium precipitates at the same pH range

unless when under extremely acidic condition (pH less than 3), it appears as Cr** ion in solution phase.

The Eh-pH diagrams for Cr and Mn can suggest the high probability of reduction of Cr(VI) by Mn(II)

or Mn(Ill) in solution into Cr(Ill) from thermodynamic perspective. Reducing environment and

relatively acidic pH are generally necessary for the reduction of hexavalent chromium to take place in

solution [33]-[35]. Therefore, at lower pH values, chromium removal can be dominated more by Cr(VI)

reduction.
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Figure 6. 3 (a) Eh-pH diagram of manganese species; (b) Eh-pH diagram of chromium species.

After inputting all the model parameters into Visual Minteq 3.1, we can plot the model results with
experimental data of chromium adsorption on Mn0Os (Figure 6.4). The model results adequately capture
the shape of the adsorption envelope under pH less than 5 or pH more than 10 but underestimate the
amount of Cr adsorbed between pH 5 to 10. The poor fit of the TLM model at this particular pH range
(5-10) can be result from multiple reasons. The model fails to include the possible partial dissolution of
Mn,03 above pH 5, which can release Mn?" into the solution by disproportion side reaction and later
reduce hexavalent chromium into trivalent chromium [36], [37]. The data set used to derived all the
model parameters could be another cause of this trend. Inner-sphere complexes are the dominant format
of this TLM model with possible lesser amount of outer-sphere complexes, while the ZP study suggest
that the chromate adsorption on Mn2O3 contains the formation of a similar amount of inner-sphere

complexes and out-sphere complexes.

Mn,0; + 2H" © Mn?* + Mn0O, + H,0 (6)
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Figure 6. 4 The experimental and model data of adsorption of at 8<10° M Cr(VI) on Mn2Os3

6.3.2 Reduction modeling

XPS data showed that 100% of adsorbed Cr on MnO is Cr(III), which contributes at the lower binding
energy (577.0-578.5eV) (Figure 6.5) [33], [38], [39]. The total reduction of Cr(VI) into Cr(III) indicates
the reducing ability of Mn?" is relatively strong. Comparison of Cr spectra with MnO and Mn»O3
suggests that when manganese oxides obtains the valence state of +2 and +3, they are potential strong
reductants for chromate in natural water system (pH=6-10) without promoting the anoxic condition. The
spectroscopic evidence suggests that Cr(VI) is 100% reduced into Cr(IIl) and subsequently followed
precipitation or adsorption. In this scenario, we consider reduction is the predominant reaction between
chromate and Mn?* present in solution phase. In order to model this redox reaction, we specified the Eh
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values based on system conditions in Visual Minteq program without including surface complexation
reaction. The results in Figure 6.6 accurately predict the reduction rate of chromate at lower pH range
and underestimate the Cr(VI) reduction above pH 6. The assumption that reduction of chromate is strictly

restricted to the solution phase can result in underestimation in the model due to the negligence of

possible reduction at solid phase.
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Figure 6. 5 Cr photoemission spectra of MnO
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6.4 Conclusion
When in contact with chromate solution, manganese oxides such as MnO or Mn>O3 can remove Cr(VI)

by reduction-precipitation/adsorption. The involvement of redox reaction raises problems in employing
pre-existed SCM models to predict this specific system. TLM is selected as an accurate model to model
the system under study because chromate adsorption onto Mn,0Os includes the formation of both inner-
sphere complexes and outer-sphere complexes. After incorporation of the redox potential into the Visual
Minteq program, the results perfectly capture the adsorption envelop of chromate adsorption onto Mn20O3
from pH 2 to pH 5 and pH 10 to 12. The model failed to predict at pH range from 5 to 10 mainly due to
the failure to consider the dissolution of Mn,O3, which contributes the higher concentration of Mn?" in
liquid phase. MnO can be an extremely strong reductant for chromate because it can fully convert Cr(VI)
into Cr(IlI). The underestimation of Cr(VI) adsorption on MnO above pH 6 suggests the primary
mechanism of chromium removal is no longer purely reduction but reduction accompanying with surface

complexation.
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CHAPTER VII
VII. SUSTAINABILITY ASSESSMENT OF DIFFERENT CR(VI) REMOVAL
TECHONOLOGIES: ADSORPTION, ION-EXCHANGE, AND REDUCTION-
COAGULATION-FILTRATION
7.1 Introduction
The national primary drinking water regulation has established the maximum contaminant level (MCL)
for total chromium of 100 parts per billion in 1991. In September, 2010, a draft of toxicological review
of hexavalent chromium was released by EPA for public comment and external peer review and further
determining if current chromium regulation should be revised [1], [2]. California EPA conducted an
extensive literature review and concluded that Cr(VI) exposure via ingestion in drinking water can be
linked to increased incidences of tumor in experimental animals and human [3]-[5]. Their results
included in the report California Public Health Goal published in July, 2011 to justify the development
of a more cautious PHG for Cr(VI) in drinking water. The Environmental Working Group conducted a

study of U.S. tap water and Cr(VI) was detected in 31 of 35 cities tap water tested in 2010 (Figure 7.1).

Due to the limitation of conventional water treatment process on Cr(VI) decontamination, an enhanced
treatment process targeted Cr(VI) is needed to meet the standard for drinking purpose. A broad range of
Cr(VI) removal technologies are reported in the literature including adsorption, ion-exchange,
membrane filtration, electrocoagulation, and reduction-coagulation-filtration [6]-[10]. Among all the
techniques mentioned above, adsorption is considered more economically and operationally feasible
when compared to technologies like membrane filtration or ion exchange. There are extensive
investigations regarding the technical performance of ion exchange, adsorption and reduction-
coagulation-filtration systems. However, the environmental impacts of operating different treatment
systems are rarely reported. To compare the implementation of these three different system into a real-
life scenario, a holistic analysis using life cycle assessment(LCA) is necessary to decide which

technology is more environmental friendly, economically feasible and socially equitable. LCA is a
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technique that evaluates all the stages of a product, process or system in terms of the environmental
burdens by compiling an inventory of relevant energy and material inputs and outputs, quantifying the

potential negative environmental implications associated with those inputs and outputs and then

optimizing the process to achieve lower environmental impacts [11]-[13].
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Figure 7. 1 Chromium(VI) distribution in U.S. tap water

Adsorption system can be applied to point-of-use, point-of-entry or municipal scales[14]. The
adsorbent can be reused/regenerated few times before it must be disposed in case of excessive attrition.
Ion-exchange system, on the other hand, can endure a large number of regeneration cycles until

irreversible fouling happens [9], [10], [15]. However, the large volume waste brine with high salinity
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produced in this process must be disposed of. Reduction-coagulation-filtration is a multi-step unit
process that is comprising of reduction of soluble Cr(VI) into insoluble Cr(IIl) using ferrous ion in
reduction tank, and coagulation of Cr(IIl) and Fe(III) particles and filtration of precipitates in dual-media
filter unit. As a result, RCF technology requires a larger footprint owing to a series of processes to
remove hexavalent chromium compared to adsorption or ion-exchange unit, hence it may be difficult to
utilize at relatively small treatment plant. The high frequency of backwashing can result in large quantity
of waste water to dispose. The purpose of this chapter focuses on the Environmental Sustainability
Assessment of adsorption system using MCS adsorbent developed in this study, ion-exchange system
using commercial anion exchange resin, and reduction-coagulation-filtration using ferrous ion to remove
hexavalent chromium in water body. Additionally, the economic and social aspects of these three

technologies are compared.

174



7.2 Method
7.2.1 Goal and scope

This chapter is intended to quantify and compare the removal of Cr(VI) from water using adsorption
system with MCS, ion-exchange system with commercial resin and RCF system with ferrous iron in
three different aspects: environmental, economic and social. The results provide an understanding to the
feasibility and sustainability of adsorption system utilizing MCS as adsorbent in operation scenario in
contrast to ion-exchange technology and RCF technology. The product life cycle can be divided into
three stages: “cradle to gate”, including raw materials extraction and water and energy acquisition for
manufacture process, “gate to gate”, where the use of the product and water or energy needed in the
operation were considered, and “gate to grave”, consisted of waste management and disposal options
[15]-[17]. The scope of this assessment was limited to “cradle to gate” life cycle of the treatment process
and entailed chemicals, water and energy usage. Disposal of spent adsorbent, resin or filter media was

not considered in this assessment.
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Figure 7. 2 Block diagram of boundaries of the system under study
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7.2.2 Functional unit selection

In this work, the functional unit (FU) is related to remove hexavalent chromium from water. Therefore,
the functional unit was chosen as 100 million gallons (MG) per year of drinking water treated with
25ug/L Cr(VI) removal over the course of 20 years (average design life of most water treatment plant).
The purpose of this study is comparing three different systems abilities to achieve the desired chromium
level under operational condition. Therefore, the FU chosen in this study is not restricted to water
quantity treated but the water quality is incorporated in the meantime. The volume of 100MG per year
represented the domestic use for a small drinking water treatment plant supplying about 2500 people
(150 gallons per capita per day). In addition, raw water quality may vary regarding the water source and
series of different pretreatment processes or post-treatments could be necessary. The focus of this study
is on Cr(VI) removal; thus any materials or energy input related to pretreatment or post-treatment was
not considered.
7.2.3 Technical design

Ion exchange resins fall into four categories in terms of their functional groups: strong acid and weak
acid cation exchange resin; strong base and weak base anion exchange resin [9], [18], [19]. Cr(VI) exists
in aqueous media in the form of oxyanion: chromate (CrO4%), bichromate (HCrOy4") or dichromate
(Cr207*) depend on pH value of the media [2], [20], [21]. The two primary types of resins for the
removal of Cr(VI) is strong base anion (SBA) exchange resin and weak base anion (WBA) exchange
resin. SBA resins typically contain quaternary amine functional group that exists as permanent cation
and readily ionizes regardless of pH values, whereas WBA resins typically contain secondary or tertiary
amine functional group that ionizes only in the acidic pH region [11], [16], [19], [22]. Therefore, SBA
resin can be regenerated with salt solution and WBA resin requires acids and/or bases to regenerate[22].
SBA system is selected in this study due to challenges in regenerating spent WBA resin. 10% sodium
chloride (NaCl) is used to regenerate exhausted SBA resin by replacing chromate ions with chloride ions

to restore the exchange capacity. Regeneration of MCS in the adsorber unit is accomplished by
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employing 0.01M sodium hydroxide (NaOH) solution to dissociate chromate ions to regain the

adsorption active sites.
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Figure 7. 3 Diagram for an SBA treatment system

Reduction/coagulation/filtration (RCF) process for chromium removal from water is comparable to
the process of coagulation and filtration for heavy metal removal with pretreatment of reducing
hexavalent chromium. Cr(VI) is first reduced by selected reductant (ferrous sulfate) into Cr(IIl) in a
reduction contactor or column before pumping the contaminated water into coagulation tank [23]-
[27].The addition of reduction contactor unit is essential and mandatory for RCF system due to the fact
that the reduction of Cr(VI) into Cr(IIl) is not an instantaneous reaction. Therefore, reduction contactor
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unit can provide necessary time for maximum reduction of Cr(VI) by ferrous ions. After reduction
reaction completed, the water stream will be introduced into coagulation unit. An optimum type and
dosage of coagulant is added into coagulation unit to facilitate the precipitation process of Cr(IIl),
rendering more effective filtration of the Cr(Il) precipitates. Filtered water is discharged into a clear
well and used as filter backwash water. All the design parameters for SBA, adsorber and RCF System

are tabulated in Table 7.1 and Table 7.2.
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Figure 7. 4 (a)Diagram for an adsorber system; (b)diagram for an RCF system
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Table 7. 1 Design parameters in SBA and adsorber system

Purolite A6OOE/9149 SBA System MCS Adsorber System
IX Vessel One unit, plus one Adsober Two in parallel, plus one
Configuration standby Configuration standy
Design flow rate 35ft3/min Design flow rate 35ft3/min
Resin depth oft MCS depth oft
Adsobent per
Resin per Vessel 80ft> Adsorber 80ft>
HLR 5ft}/min-ft? HLR 2.6ft*/min-ft
EBCT per Vessel Smin EBCT per Adsorber  10min

Table 7. 2 Design parameters in RCF system

Design parameters

RCF system

Reduction contact time(min)
Filter units

Silica sand depth (m)
Anthracite depth (m)

Filter loading rate (gpm/ft?)
Design flow rate (ft’/min)
Ferrous sulfate (mg/L)
Aluminum sulfate (mg/L)

15

2 units, 1 unit standby for backwash period
0.3

0.6

4.1

35

2.25

3
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7.3 Results and discussion
7.3.1 LCA inventory

In order to determine the overall environmental impacts, the adsorption, ion-exchange and RCF
processes were designed to accommodate the hexavalent chromium removal demand of a small water
treatment plant. Based on the scope and functional unit selected in this study, the life cycle inventory
was estimated for each process comprising of the raw materials acquisition for each media, regeneration
and backwash processes, the energy required for pumping, and transportation of materials. Calculation
process of all selected parameters and the results of simulation are provided in the appendix with full

details. The input quantities for Simapro 8.4.0.0 LCA software are summarized in Table 7.3 below.

Table 7. 3 LCA inventory of adsorber, ion-exchange and RCF

Adsorber Materials Total demand(kg) Transportation(tkm) Energy(kW-h)
Adsorbent silica sand 77540.9 89973.8

MnSO4 -H,O 16384.4 8411.5

NaxCOs3 10274.2 5820.2
Regeneration NaOH 4652.5 2635.6
Total (20 yrs) 106941.1 99864
Ion-exchange unit Materials Total demand(kg) Transportation(tkm) Energy(kW-h)
Resin A600E/9149  17159.9 21264.4
Regeneration NaCl 16473.5 9332.1
Total (20 yrs) 30596.5 133152
RCF unit Materials  Total demand(kg) Transportation(tkm) Energy(kW-h)
Reduction FeSO4 11200 21448
Coagulant Al(SO4); 31200 59748
Filter media  silica sand 9075 10530.1

anthracite 9762 10745.9
Total (20 yrs) 102472 71902
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The tool for the reduction and assessment of chemical and other environmental impacts (TRACI) was
employed as major impact assessment method for our study because TRACI was specifically designed
by U.S. EPA as a comprehensive and applicable to the United States tool to conduct impact assessment
[28]. The impact categories selected in this tool are ozone depletion, global warming, smog, acidification,
eutrophication, carcinogenics, non carcinogenics, respiratory effects, ecotoxicity and fossil fuel
depletion.

7.3.2 Environmental sustainability

The environmental impacts for adsorption, ion-exchange and RCF system were calculated and
normalized by TRACI (U.S. 2008) method, as shown in Figure 7.5. Ion-exchange system tends to have
higher impacts for the categories of ozone depletion, global warming, and fossil fuel depletion. However,
adsorption system obtains higher impacts in other categories such as smog, acidification, eutrophication,
and respiratory effects, whereas RCF exhibits higher impacts in categories such as carcinogenics, non
carcinogenics and ecotoxicity. The main electricity consumers in all three systems are the pumping
required for water flowing through the treatment systems which are designed as fixed bed columns in
adsorber and ion exchange unit, dual-media filtration unit, adsorbent/resin regeneration and filter
backwash process. The electricity in the regeneration step is considered negligible compared to the
electricity used to overcome pressure drop. The assumption of different pressure drops in adsorber and
ion-exchange units due to different particle sizes results in different amount of electricity consumption.
As for RCF system, electricity consumed by the relatively high frequency of backwash is necessary to
be considered in total electricity usage. Therefore, the environmental impacts of these three systems
mostly depend on primary resources to produce resin, adsorbent, reductant and coagulant and
transportation of the chemicals and materials involved in the production process. The normalization of
the environmental impacts indicates that adsorption, ion-exchange and RCF systems have highest impact
in the category of carcinogenics that contributes to 39%, 36.31% and 66.70% of total impacts for ion-
exchange, adsorption, and RCF respectively. The chemicals used in production and regeneration of

adsorbent, resin, reductant, and coagulant are expected to mainly affect the categories of carcinogenics,
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non carcinogenics, and ecotoxicity. RCF shows the highest impacts in these categories indicating that
the production of reductant and coagulant are chemical intensive processes and severely damaging the
environment. The trichloromethane used in production of anionic resin is directly related to 10.8% effect
on ozone depletion for ion exchange system, whereas there is merely 0.09% effect on ozone depletion

for adsorption system and 0.02% for RCF system [18].
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Figure 7. 5 Characterization of environmental impacts using TRACI 2.1 method: adsorption, ion-
exchange and RCF system
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Figure 7. 6 Normalization of environmental impacts using TRACI 2.1 method: adsorption, ion-
exchange and RCF system
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For adsorption system, the production and regeneration of adsorbent (MCS) has the most contribution
to the environmental impacts, which is expected because of the intensive use chemicals in these process.
For ion exchange system, the environmental impacts are linked closely to production of anionic resin.
For RCF system, the usage of coagulant accounting for the most of environmental impacts are indicative
of that the production of aluminum sulfate is substantially detrimental to natural environment. In all
three systems, electricity is an essential contributor for various environmental damages. Thus, it is
promising to modify the process and decrease the total environmental impacts by switching power
sources to renewable energy such as biomass or biofuel.

7.3.3 Economic sustainability

The cost-effectiveness of the technologies was determined using the cost information (including
equipment selection, site design and planning, installation of units, operation and maintenance costs)
quoted by the vendors, distributor or manufacturer and collected from the demonstration studies [29].
The economic estimates were performed under two different scenarios: 1. The waste brine is discharged
to the sewer without treatment; 2. The waste brine is treated and then returned to the head of the plant
or hauled off-site for disposal. Detailed calculation and assumption are showed in appendix. Results in
Table 7.4 show that adsorber system is the most cost-effective system compared to ion-exchange system
and RCF system under two different scenarios. The high salt content of the waste brine from ion-
exchange treatment system is relatively difficult to handle. The backwash water from RCF treatment
system can be directly released into waste stream if considered as non-hazardous. The relatively high

capital costs associated with ion-exchange system is because of the expense of resin.
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Table 7. 4 Overall costs for adsorber, ion-exchange and RCF systems

Scenario 1 Scenario 2

Capital Costs O&M Costs Capital Costs O&M Costs

($/year) ($/year) ($/year) ($/year)
Adsorption 8,308 30,000 8,308 36,000
Ion-exchange 50,105 28,000 50,105 48,000
RCF 16,092 32,000 16,092 56,000

7.3.4 Social sustainability

The indicator chosen to evaluate the social impacts is gleaned from a variety of literatures under three
different life stages: construction, operation, and waste disposal. The indicators are listed below: local
capacity, within local capacity to operate and maintain; community acceptance, acknowledged by the
community in which the treatment unit is installed in, satisfactory results to meet with the water quality
demands of the community, accepted by the community in which the treatment unit is installed in and
minimize impacts of system failure; economic development, contributing to economic development;
community development, providing a stable and reliable quality control for the water supply, selected
by people aware of the impact of the decision and provided with other potentially effective alternatives,
contributing to community development, and incorporating plans for improvement of the quality of life;
equity, contributing to inter-generational and intra-generational equity and providing water to all
members of the community; health, providing a safe source of water, ensuring the safety and health of
operation and maintenance personnel; cultural, supporting the community cultural traditions and rituals

[15], [30]-[33].

The social matrix scoring is given from 0 to 4, where 0-highes impact, 1-substantial impact, 2-
moderate impact, 3-minimum impact, and 4-no impact. Adsorber system exhibits more superiority and

more socially sustainability than ion-exchange and RCF system (Table 7.5).
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Table 7. 5 Social sustainability matrix for adsorber, ion-exchange and RCF systems

Life stage Local Community  Economic Community Equity Health Cultural Recreational
capacity  acceptance development  development
Construction ~ Adsorber 3 2 4 4 3 3 3 3
IX 3 3 3 4 4 2 3 3
RCF 3 2 3 4 3 2 3 3
Operation Adsorber 3 3 3 3 3 3 3 4
IX 2 3 3 3 4 2 3 3
RCF 2 2 4 3 3 2 3 4
Waste Adsorber 2 3 3 3 2 3 3 4
IX 3 1 2 3 2 1 3 2
RCF 2 2 2 4 3 2 3 2
Overall Adsorber  73/96
IX 64/96
RCF 66/96
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7.4 Conclusion

This study conducted a holistic sustainability assessment of three different Cr(VI) removal system:
strong base anion exchange system (SBA), adsorption system using manganese-coated sand and
reduction-coagulation-filtration system. Triple bottom line concept is applied to this study to evaluate
environmental, economic and social aspects of sustainability. Environmental sustainability was assessed
by life cycle analysis using SimaPro 8.4.0.0. In conclusion, ion-exchange system displays to be slightly
more environmental friendly, except the impact of ozone depletion caused by manufacturing of resin,
global warming and fossil fuel depletion, while RCF system display to obtain the highest impact of
carcinogenics, non carcinogenics, and ecotoxicity. Adsorption system is more economic than ion-
exchange and RCF system under two different waste brine disposal scenarios owing to the low-cost
developed adsorbent and employment of single unit process to remove chromium. After all, employing
the indicators from different resources, adsorption indicates to be more social viable due to the fact that
the waste brine of SBA system contains high salt and manufacture of strong anion resin and the disposal
of the solid and liquid waste from backwash process in RCF system. With all aspects considered,
adsorption system is a relatively more promising and sustainable technology to remove hexavalent

chromium from water.
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CHAPTER VIII
VIII. CONCLUSIONS

8. Conclusion

This dissertation aims to synthesize a novel manganese-coated sand (MCS) for the removal of
chromium from water. In order to obtained an efficient, applicable and inexpensive sorbent, various
coating parameters such as the source of manganese, coating temperature and coating pH were adjusted.
The optimum MCS was obtained at coating temperature 220°C using manganese sulfate as manganese
source without adjusting the pH of the coating solution. Adsorption capacity of MCS synthesized in this
study was evaluated as function of MCS dosage, initial chromium concentration, pH, contact time, and
co-existing ions. Adsorption equilibrium data were fitted into four different isotherms including
Langmuir, Freundlich, Temkin and Dubinin-Radushkevich. The parameters obtained from
aforementioned isotherms were indicative of that MCS sorbent displays a greater affinity and stronger
binding for Cr(VI) than Cr(III), despite the higher adsorption capacity of MCS sorbent for Cr(III). They
also suggest adsorption of chromium onto MCS sorbent is monolayer adsorption on a heterogenous
surface. The effective adsorption over a wide range of from pH 3 to 10 for both chromium species makes
the MCS sorbent as a desirable sorbent for practical use. Specific adsorption can be inferred from the
significant shift observed from surface charge measurements of the MCS sorbent with or without
chromium species. The adsorption of Cr(III) and Cr(VI) can be better explained by pseudo-second order
kinetics and the rate-limiting step was decided to be a combination of film diffusion and intraparticle
diffusion. MCS sorbent can be successfully regenerated with 0.01 N NaOH without significant loss in

chromium adsorption capacity.

Different surface characterization procedures such as XRD, XPS, SEM-EDX and BET surface
analysis were applied to investigate the mineral crystal structure, surface properties and surface
phenomena in order to explain the mechanism of adsorption for the adsorption of both chromium species

onto the surface of the MCS. The BET surface area was determined to be 3.09 m?/g. The surface
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crystalline structures formed at different temperatures were analyzed by XRD and identified by matching
the obtained XRD patterns with Crystallography Open Database (COD). Pyrochroite (H:MnO») was the
main and more reduced form of manganese oxide detected on the surface of the MCS sorbents developed
at temperature lower than 220°C, while NaMn(III)O> was the main and more oxidized form of
manganese oxide detected on the surface of the MCS sorbents coated at temperature higher than 220°C.
Both manganese oxides were detected on the optimum MCS selected for this study. XPS spectra
confirmed the oxidation states of surface manganese oxides as Mn(Il) and Mn(Ill) without the
appearance of Mn(IV). SEM image showed manganese oxides was not uniformly coated on the silica
sand and EDM spectrum confirmed the adsorption of chromium onto the MCS sorbent. The distribution
of chromium species on the surface appeared in the dot mapping is in good accordance with the coating
of manganese oxides on the surface, therefore suggesting surface manganese oxides are responsible for
chromium adsorption. The transformation of Cr(III) to Cr(VI) or Cr(VI) to Cr(II) accompanying with
the transformation of Mn(III) to Mn(II) or Mn(III) to Mn(IV) were the results of occurrence of redox

reactions between chromium species and surface oxides.

The mixture of Mn(ILIII) oxides found on the surface of the selected MCS sorbent made it necessary
to study the chromium removal with pure manganese oxides to further elucidate the adsorption
mechanism. The adsorption and uptake of Cr(Ill) and Cr(VI) by the MnO and Mn,O3 sorbents were
investigated under different experimental conditions. Based on the adsorption parameters obtained from
several adsorption models, the adsorption of Cr(Ill) and Cr(VI) followed the Langmuir and Freundlich
adsorption models with the MnO and Mn>Os3 sorbents exhibiting a stronger binding for adsorption of
Cr(VI) than for adsorption of Cr(IIl). The D-R equation parameters were suggestive of adsorption of
Cr(III) onto the MnO sorbent and both Cr(III) and Cr(VI) onto the Mn>O3 sorbent as physisorption and
adsorption of Cr(VI) onto the MnO sorbent as chemisorption. The adsorption of both chromium species
decreased appreciably for pH values greater than 9 due to the fact that the MnO sorbent obtained a PZC

of about 10 in the absence of or in the presence of chromium species, while the adsorption of Cr(III) and
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Cr(VI) onto the Mn203 sorbent experience a drastic drop with increasing pH from 9 to 10 and from 8 to
9, respectively, due to the reversal of the surface charge. The XPS results showed that Cr(VI) was fully

reduced by the MnO sorbent and partially reduced by the Mn,O3 sorbent.

Two-pK triple layer surface complexation model (TLM) was used to describe the adsorption of
chromate ion as oxyanion onto manganese(ILIII) oxides surface. Specific surface area, site density,
stability constants and redox potential were included in the model to predict possible outcome. The
model results have some discrepancies with the actual experimental data due to the failure to consider
the dissolution of Mn>O3, which may produce more Mn?" in solution and enhance the adsorption of

chromium.

Sustainability assessment of adsorber system using MCS adsorbent developed in this study, ion-
exchange system using commercial anion exchange resin, and reduction-coagulation-filtration using
ferrous ion to remove hexavalent chromium in water body were evaluated and compared from
environmental, economic and social perspectives. lon-exchange system displays to be slightly more
environmental friendly, except the impact of ozone depletion caused by manufacturing of resin, global
warming and fossil fuel depletion, while RCF system display to obtain the highest impact of
carcinogenics, non carcinogenics, and ecotoxicity. Adsorption system is more economic than ion-
exchange and RCF system under two different waste brine disposal scenarios owing to the low-cost
developed adsorbent and employment of single unit process to remove chromium. Adsorber system is a

relatively more promising and sustainable technology to remove chromium from water.
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APPENDIX

We design for a small water treatment plant that serves about 2500 people (150 gallons per capita per

day), so we can calculate the annual flowrate
Q = 2500 people * 150 gallons/capita/day * 365 days/yr = 136,875,000 gallons/yr

The total volume of water needed to be treated annually

= 136,875,000 gallons/yr * 3.785L/gallon = 5.2 x 108L

25
The amount of Cr(VI) needed to be removed = AC %V = TMg * 5.2 X 108L * 20years = 260kg

1. Adsorbent/Resin Mass Determination

Table S1. Design parameters for adsorber and ion-exchange units

Design Parameters Adsorber Ion-exchange

Number of units with maximum packing volume of 80 ft* 3 units, 1 unit 2 units, lunit
standby standby

Hydraulic loading rate (ft/min) 0.26 0.5

Actual EBCT (min) 10 5

Media height (ft) 6 6

Table S2. Design parameters for reduction-coagulation-filtration unit

Design parameters RCF unit

Reduction contact time(min) 15

Filter units 2 units, 1 unit standby for backwash period
Silica sand depth (m) 0.3

Anthracite depth (m) 0.6

Filter loading rate (gpm/ft?) 4.1

The mass and volume ratio for adsorber unit is fixed at 20g adsorbent/L water. This ratio is determined

for MCS using information given in batch study. The amount of MCS packed in adsorber units =

1538kg
m3

80ft3 * 2 8162.2kg
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8162.2kg
MCS will exhausted at = * 365days = 286days

Z(L)g £5.2 X 108L

The amount of MCS needed for 20 years = 8162.2kg * 9.5 = 77540.9kg = 77.54ton

MCS will be used until full exhaustion in each cycle and can be regenerated for three times with 0.01N
NaOH before disposed as spent adsorbent. Adsorption capacity of MCS will decrease 10% after each

regeneration cycle.

Adsorption capacity of resin is given by manufacturer literature. The resin can be regenerated for five
times with 1.7N NaCl before its disposal. For each cycle of regeneration, a decrease in the exchange

capacity of the resin is 5%.

0k
The amount of resin packed in adsorber units = 80ft3 * 3 9 _ 1699kg
m

%* 2265.35L
13kg

Resin will exhausted at = * 365days = 254days

The amount of resin needed for 20 years = 1699 x 10.1 = 17159.9kg = 17.16ton

For reduction-coagulation-filtration unit, Cr(VI) is first reduced into Cr(III) by ferrous sulfate (FeSOs),
then Cr(IIl) and Fe(Ill) are subsequently precipitated by adding coagulants upstream before flowing
through filtration unit. The mass ratio of Fe(Il): Cr(VI) is derived from a pilot study of the RCF system

as 45:1.

The amount of ferrous sulfate needed for Cr(VI) reduction for 20 years = 260kg * 45

= 11700kg = 11.7ton

m
The amount of coagulant needed for 20 years = Y, 5.2 X 108L * 20 = 31200kg = 31.2ton
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The amount of filter media needed for 20 years, assuming that 10% media loss per year:

N 1580kg 1580kg
The amount of silica sand needed = ( 5 1.98m3) + 19 * 10% = ( o E 1.98m3)
= 9075kg
) 850kg 850kg
The amount of anthracite needed = ( 5 3.96m3) + 19 % 10% * ( 3t 3.96m3)

= 9762kg

For the functional unit selected in this study, we can calculate all the chemical and material demands for

the lifetime (20 years) of a small water treatment plant (Table S2).

Table S2. Total materials demand for the running length of 20 years

Adsorber unit Materials units Total demand(kg)
Adsorbent silica sand kg silica sand-kg™! adsorbent 1 77540.9

MnSOs4 ‘H2O kg MnSO4 -H,O-kg! adsorbent 0.2113  16384.4

Na>COs kg NaxCOs-kg! adsorbent 0.1325 10274.2
Regeneration NaOH kg NaOH kg ! adsorbent 0.02 4652.5
IX unit Materials units Total demand(kg)
Resin A600E/9149 kg 17159.9
Regeneration NaCl kg NaCl-kg! resin 16473.5
RCF unit Materials units Total demand(kg)
Reduction FeSO4 kg 11200
Coagulant Al(SO4)3 kg 31200
Filter media silica sand kg 9075

anthracite kg 9762

2. Energy Requirements

Power = (K * Q * THD * p)/E
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Where K is 1/550, Q is the volumetric flow rate of water (ft*/s), TDH is total dynamic head for

pumping (ft), p is water density (Ib/ft*), and E is efficiency.

Head loss are inversely proportional to particle sizes, therefore TDH for adsorber and ion-exchange

unit are different despite of same media depth.

For annual operation of pumping of adsorber unit,

1
gen ¥ 0.6 12 x 62.4 0.76k
(550 — ) = 1.02hp = 212

Power =

0.76k]

Energy requirement = * (24 = 3600 * 365s) = 23967360k] = 6657.6kW - h

For annual operation of pumping of ion-exchange unit

( 1 *0.6*9*62.4)

{0 _ 0.57k]
0.8

= 1.02hp =

Power for pumping =

7k
/, (24 * 3600 * 365s) = 17975520k]

Energy requirement for pumping =

= 4993.2kW - h

For annual operation of pumping of RCF filter unit,

1
e * 0.6 % 6 x 62.4 0.38k
(50 ) = 051hp = =Y

Power for pumping = 08

0.38k]

Energy requirement for pumping = * (24 » 3600 * 365s) = 11983680k]

= 3328.8kW - h

The backwash volume is nearly 4% of total treated water,
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1
(550 * 0.024 * 6 62.4) 0.0304kJ
08 = 0.0408hp = ——

Power for backwash =

0.0304kJ

Energy requirement for backwash = * (24 3600 * 365s) = 958695k] = 266.3kW - h

3. Transportation

Table S3. Transportation calculation of chemicals and materials and their selected manufacturer

Materials Manufacturer Distance (miles) Transport(tkm)
Silica sand J R Simplot Co, 721 89973.8

3630 Gateway Dr, Grand Forks, ND 58203
MnSOs -H,O  Jost Chemical Co. 319 8411.5

8150 Lackland

St. Louis, MO 63114

Na,COs3 GFS Chemicals Inc 352 5820.2
851 McKinley Ave, Columbus, OH 43222

NaOH GFS Chemicals Inc 352 2635.6
851 McKinley Ave, Columbus, OH 43222

Materials Manufacturer Distance Transport(tkm)
(miles)
NaCl GFS Chemicals Inc 352 9332.1
851 McKinley Ave, Columbus, OH
43222
Purolite Purolite Corporation 770 21264.4
A600E/9149 3620 G Street
Philadelphia, PA, USA
19134
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Materials

Manufacturer Distance (miles)

Transport(tkm)

FeSO;4

AL(SO4)3

Silica sand

Anthracite

GAC Chemical 1190
Corporation, 34 Kidder

Point Rd, Searsport,

ME 04974

GAC Chemical 1190
Corporation, 34 Kidder

Point Rd, Searsport,

ME 04974

J R Simplot Co, 721
3630 Gateway Dr,

Grand Forks, ND

58203

Lehigh Anthracite, 684
1233 E. Broad Street

Tamaqua, PA 18252

21448

59748

10530.1

10745.9

4. Economic Calculations

1. Capital Investment

Estimated equipment costs:

Vessel cost

For ion-exchange,
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Two fix-bed columns, the estimated cost is ($20,000*2) = $40,000

Labor and travel cost = $17,500

For adsorber,

Three fix-bed columns, the estimated cost is ($20,000*3) = $60,000

Labor and travel cost = $10,000

For RCF,

One reduction tank, one coagulation tank, and one dual-media filter unit cost is

=$20,000+$30,000+$50,000= $100,000

Labor and travel cost = $30,000

Detailed chemical costs for each system is tabulated in Table. S4 based on quotes from vendors.
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Table.S4 Total costs of chemicals for SBA, adsorber, and RCF systems

Materials Total demand (kg) Unit price ($/kg) Total cost ($)
Silica sand 77540.9 0.075 5,816
MnSO4 -H>0 16384.4 2 32,769
NaOH 4652.5 0.1 466
NaxCOs 10274.2 0.3 3083
A600E/9149 17159.9 50 857,995
NaCl 16473.5 0.4 6590
FeSO4 11200 1.5 16,800
Al>(SO4)3 31200 2 62,400
Silica sand 9075 0.075 681
Anthracite 9762 0.2 1952

2. Estimated Engineering Costs

For ion-exchange, engineering cost = $30,000

For adsorber, engineering cost = $16,000

For RCF, engineering cost = $50,000

3. Estimated Installation Costs

For ion-exchange, total costs (including materials, labor, and subcontractor) = $50,000

For adsorber, total costs (including materials, labor, and subcontractor) = $38,000

For adsorber, total costs (including materials, labor, and subcontractor) = $60,000
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The unit capital investment for adsorber = $8,308/year, ion exchange = $50,105/year, and RCF =

$16,092/year

4. Estimated Operation and Maintenance Costs

O&M costs include media replacement and disposal, electricity consumption, and labor

Labor cost = $6,000/year for both systems

The media replacement cost, which includes material, freight, labor, travel expense, and media

profiling and disposal fees

1. The waste brine is discharged to the sewer without treatment

For ion exchange, the media replacement cost = $28,000/year

For adsorber, the media replacement cost = $30,000/year

For RCF, the media replacement cost = $32,000/year

The unit O&M cost for adsorber = $36,000/year, for ion-exchange = $34,000/year, and for RCF =

$38,000/year

2. The waste brine is treated and then returned to the head of the plant or hauled off-site for disposal

For ion exchange, the media replacement cost = $42,000/year

For adsorber, the media replacement cost = $30,000/year

For RCF, the media replacement cost = $50,000/year

The unit O&M cost for adsorber = $36,000/year, for ion-exchange = $48,000/year and for RCF =

$56,000/year
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5. LCA Results

1p
ION-EXCHANGE

184

| |

1.65E4 kg
Sodium chloride, powder
{GLO}| market for | Alloc
Def, S

1.72E4 kg
Anionic resin {GLO}|
market for | Alloc Def, S

3.6E5 MJ
Electricity, high voltage
{WECC, US only}|
electricity production,

3.06E4 tkm
Transport, freight train
{US}| market for | Alloc
Def, S

natural gas, combined
0.00329 183 0.057 0.00219

p
ADSORPTION

0.157
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Figure S1. Tree diagram of adsorption and ion-exchange treatment system
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Table S5. Characterization and normalization of impact assessment using TRACI 2.1

Impact category Unit Adsorption Ion-exchange RCF
Ozone depletion kg CFC-11eq  0.025265962 2.961049865 0.01147023
Global warming kg COz eq 97993.37537 101929.9535 64855.7475
Smog kg O3 eq 5469.90592 3800.538704 4485.127797
Acidification kg SOz eq 851.9117378 456.0236921 535.2759371
Eutrophication kg N eq 207.9062429 170.1984915 139.31258
Carcinogenics CTUh 0.003381289 0.003250313 0.010534177
Non carcinogenics CTUh 0.019003722 0.017629114 0.019596296
Respiratory effects kg PM»s eq 100.5048538 61.65666383 62.81392581
Ecotoxicity CTU. 445221.2222 421598.9928 596128.1459
Fossil fuel depletion MJ surplus 201799.1254 235344.3488 119788.4165
Impact category Adsorption Ion-exchange RCF
Ozone depletion 0.156671534 18.36115394 0.071125672
Global warming 4.045352723 4.207862146 2.677368483
Smog 3.92977733 2.730443824 3.222277274
Acidification 9.379195542 5.020632057 5.893166464
Eutrophication 9.618264225 7.873809074 6.444949347
Carcinogenics 64.13794214 61.65352823 199.8174338
Non carcinogenics 18.09350437 16.78473566 18.65769588
Respiratory effects 4.144875651 2.542754851 2.590480974
Ecotoxicity 40.21888102 38.08497638 53.85099761
Fossil fuel depletion 10.72237455 12.5047631 6.364825742
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Figure S4. Network scheme of RCF treatment system
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