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CHAPTER 1
INTRODUCTION

1.1. Introduction

The population of Cambodian is approximately 13.3 million people among of those
80% living in rural area, and 20 % living in urban area in 2008 (National Institute of
Statistic, 2008). In 2003, National target of access to safe drinking water sanitation is
established as a part of the seventh goal of Cambodia Millennium Development
Goals. Meanwhile, the target will be expected to achieve 50% and 75% of rural
population with access drinking water sanitation in 2015 and 2020, respectively. It
was reached 43.90% in 2011 as seen in Figure 1.1 (Ministry of Environment, 2012).

Therefore, accessing safe drinking water in rural area is a challenge in Cambodia.

Percentage of people with access to safe drinking water

Urban, Actual 20

= Jrban, Tar;et 2015,
76%

== Rurgl, Target 2020,
75%

43.90%

359
Rural, BaseI{Dne 1998,
24%

@ Jrbany, Target 2020, 0

Figure 1.1. The percentage of Cambodian people with access to safe drinking water
(Ministry of Environment, 2012)

In Cambodia, surface water from Mekong River and Tonle Sap Lake, groundwater,
rainwater and others are main sources of drinking water. But, the quantity and quality
usage of water resources are changed by season changes. For instance, Molis O’nilia
(2016) it described that groundwater is the second largest source drinking water in dry
season. During the last decade, family-based groundwater tube-wells are among
popular sources of potable water in rural area (Figure 1.2). One million people have
stopped using surface water since it has caused disease and illness in Kandal province

and some rural areas. Poor water quality was a roof cause of high rate of infant



mortality (71 death/1000 live births) (Berg et al., 2007). However, groundwater in
Cambodia is highly contaminated with arsenic and other heavy metals such as iron
and manganese. (Buschmann et al., 2007). In addition, about 67%, 80% and 86% of
the groundwater samples had higher concentrations of barium, manganese and lead
greater than WHO Drinking Water Guidelines (Luu, Sthiannopkao, and Kim, 2009).
The accumulation of these trace elements in the water can cause a potential risk to
human health (Al Rmalli et al., 2005). The presence of the heavy metals in
groundwater becomes a major concern, because it affects possible uses of water. For
this reason, it is necessary to understand groundwater contamination, and to purify it

for safe use.

Drinking water sources (%)

m Surface water
m Groundwater
m Store rainwater

others (e.g bottle
water)

Figure 1.2. The modified primary water source for households during dry season in
Cambodia by UNICEF (Molis O’nilia, 2016)

Naturally, groundwater quality in Cambodia has high heavy metal contents such as
iron, arsenic, and manganese (CDIC, 2012). But these elevated concentration is
typically associated with human actions that accumulate and distribute including
improper human and animal waste management or heavy fertilizer usages (Sam Ol,
2011). Although heavy metals are generally occurred in the earth’s crust, they are also
generated from human activities in different sectors such as mining industry, smelting
operations, industrial production, domestic usage, agricultural metals uses, and
leachate from solid waste landfill (He, Yang, and Stoffella, 2005; Herawati et al.,

2000; Shallari et al., 1998; Tiwari et al., 2015). Heavy metal contamination has a



number of negative impacts on the human health such as deoxyribonucleic acid
(DNA) destruction, carcinogen and central nervous system damage (Stohs and
Bagchi, 1995). Therefore, heavy metals pollution in groundwater needs to be removed
for safe drinking water.

Not only Cambodia, but also the world, heavy metals pollution in water has become a
major issue. Meanwhile, water treatment methods have been developed to remove
heavy metals for purifying water including membrane, ion exchange, chemical
precipitation, and adsorption (Carolin et al., 2017). In that technology, the membrane
is a relatively fresh method which was initially developed for drinking water from
saline and brackish water. Currently, this process has started to look for the
application in the treatment of industrial wastewater by reducing the cost, and
increasing pollutants removal efficiency (Qdais and Moussa, 2004). The membrane
processes used to remove metals from wastewater are ultrafiltration, reverse osmosis,
nanofiltration and electrodialysis. Moreover, the ion exchange is characterized as a
physical process which ion in solution are transferred to a solid matric in turn
releasing ions of different types with the same charge. The ion exchange resin can be
categorized as the basis of functional groups such as cationic exchange resins, anions
exchange resins and chelating exchange resin (Zewail and Yousef, 2015). In addition,
chemical precipitation is a process that chemicals react with heavy metal ions to form
insoluble precipitation. The precipitates formation can be separated from water by
sedimentation or filtration. The conventional chemical precipitation processes include
hydroxide precipitation and sulfide precipitation. (Fu and Wang, 2011). The
adsorption is appearing as a potentially preferable alternative for heavy metals
because it provides flexibility in design, high-quality treated effluent, and the
possibility to regenerate adsorbent (Futalan et al., 2011).

Although, the technologies mentioned above are very suitable for heavy metals
removal, there also have some of disadvantages such as sludge production, high cost,
electricity requirement, and complexity of operation and maintenance (Lee et al.,
2007; Sang et al., 2008; Subramani et al., 2012; Thakur and Mondal, 2017; VVaaramaa
and Lehto, 2003; Zewail and Yousef, 2015). Therefore, adsorption is the best water

treatment methods for rural communities than other methods (Agarwal and Singh,



2017). This method has provided an acceptable result in terms of heavy metals
removal efficiency via physical and chemical interaction, however, it also requires
other processes to separate the pollutants from water. The method has been found to
be effective in removing several heavy metals such as arsenic in various pH.
Adsorbent can be regenerated (Baig et al., 2013; Bradley et al., 2011; Snyder et al.,
2016). The cost of treatment is mostly estimated depending on media uses in
particularly the adsorbents price (Agarwal and Singh, 2017). Therefore, adsorbents
selectivity has been considered on their adsorption ability, cost and environmental-

friendly.

A good adsorbent, it should be non-toxic, show good resistance towards oxidizing and
reducing agents, acids or bases, and very low solubility in water (Chaudhry, Zaidi,
and Siddiqui, 2017). Among those adsorbents, iron oxide is naturally content, less
soluble and has high adsorptive ability for the removal of heavy metals from
contaminated water in term of removal efficiency (Benjamin et al., 1996; Cornell and
Schwertmann, 2003; Washington and Off, 1962). The surface complexity of iron
oxide can remove the soluble arsenic species in water because it reacted with the
hydroxide on the surface (Katsoyiannis and Zouboulis, 2002; Thirunavukkarasu,
Viraraghavan, and Subramanian, 2003). Moreover, iron oxide also adsorbed the heavy
metals via electrostatic repulsion between negatively charged iron oxide surface and
metals cation (Koretsky, 2000). The heavy metal was removed from water by physical
and chemical adsorption mechanism (Janjaroen, Dilokdumkeng, and Jhandrta, 2018).
Most iron oxide are only available as fine powder and the used of iron oxide powder
is limited by difficulty in separation of the solid from solution (Phuengprasop,
Sittiwong, and Unob, 2011). Recently, several studies have taken attention in
synthesize the adsorbent by iron oxide particle coated on other materials to improve
the performance of water treatment efficiency by adsorbents active site extension such
iron impregnated with granular activated carbon, charred granulated attapulgite-
supported hydrate iron oxide, nano impregnated iron with biochar, iron/cupper
nanoparticle, nano iron ion enrich material, iron oxide coated sand (Hu et al., 2015;
Mondal, Majumder, and Mohanty, 2008; Yin et al., 2017). Iron oxide coated sand is

provided high heavy metals removal efficiency, and it is simple to synthesize, locally



and economically (Benjamin et al., 1996; V. Gupta, Saini, and Jain, 2005). Therefore,
iron oxides particle and iron oxide coated sand were selected as adsorbents to remove

heavy metals in simulated groundwater in Cambodia.

To address with groundwater quality issues, some researches have been conducted on
centralized and decentralized groundwater treatment plan in rural area in Cambodia
(Kang et al., 2014; Uy et al., 2009). Both researches was conducted with only arsenic
removal, even though there have other heavy metals pollutants presence in
groundwater (Buschmann et al., 2007; CDIC, 2012). However, Kang et al. (2014)
conducted with the treatment using reverse osmosis illustrated the high removal
efficiency. But treatment is required the electricity while household in rural area
accessed with the electricity about 13.1 % (National Institute of Statistic, 2008). This
reason is partially affected to access of drinking water in rural area by using this
method. Moreover, Sand filtration was applied in rural communities by removing
arsenic, but they used the high amount of adsorbent about 5 kg of iron nail rusted (Uy
et al., 2009). When concentration of sulfate presence in water increase, the amount of
iron precipitated also increase by changing the surface properties of the ferric
oxyhydroxide precipitates (Kong et al., 2017). This anion can compete with heavy
metals for available surface binding sites and interfere in the removal of heavy metals
by alteration of the electrostatic charge on the surface of adsorbent (Yu et al., 2013).
So, the effect of ligand such as sulfate in water might be competed with heavy metals
reaction on adsorbent active site. Thus, the optimal adsorbent capacity and effect of
sulfate concentration was considered to eliminate the waste generation and filter
clogged. To complete the gap of these researches, the specifications of this work
studied the small iron oxide particles and iron oxide coated with sand via their
adsorption mechanisms to remove single and combined heavy metals in simulated
groundwater. Furthermore, the effect of high initial sulfate concentration in
groundwater was also conducted. The leaching test of adsorbents after adsorption

process was studied before disposal to the environment.



1.2. Objectives

The general objective of this study aims to understand the heavy metals removal

mechanism in simulated groundwater as groundwater quality in Kandal province,

Cambodia by using the adsorption process. To achieve the general objective, there are

three main objectives including:

1.

To study adsorption process of heavy metals removal by using iron oxide
particles and iron oxide coated sand in simulated groundwater.
To study the effect of sulfate on adsorption process on heavy metals removal.

To study the leachability of adsorbents.

1.3. Scopes of study

There were several scopes of this study which was described in this section following

in order are:

1.

The synthetic water was prepared similarly to the groundwater sources in
Kandal province e.g., hardness and heavy metals.

Inorganic arsenate, ferrous, and manganese contaminants was considered as
the heavy metal elements in groundwater due to some reasons. For arsenate is
assume as total arsenic in water due to instrument can measure total arsenic,
arsenate is less toxicity than Arsenite. In term of ferrous form in water, it was
soluble in water. Therefore, Arsenic and Iron were studied in forms of arsenate
and ferrous, respectively.

This study assumed that it has pretreatment before adsorption process to
remove big particle sizes such as garbage and dissolved solid.

The experiment was conducted in a batch reactor.

The kinetic study was examined through varying the adsorbents doses and the
initial concentration of sulfate (SO4%) as the ligand competitor in water.

The experiment was conducted with individual heavy metal, followed by a
combined heavy metals condition in a batch experiment.

Two different types of adsorbents such as iron particle and iron oxide coated

sand were selected to be adsorbents in this study.



8. The adsorbents were synthesized only one time enough for all experiments
and stored in desiccator.

9. The quantity and quality of iron contain on both adsorbents are assumed to be
the same in every test. Iron characteristics will be measured to confirmation.

10. This research was conducted at the Department of Environmental Engineering,

Faculty of Engineering at Chulalongkorn University, Thailand.
1.4. Hypothesis of research

The hypothesis of this research analyzed the effect of sulfate on heavy metals removal

by using difference adsorbents. Therefore, there are a few hypothesizes such as:

- The iron oxide coated sand and iron oxide particle adsorbents will be able to
remove heavy metals from groundwater.
- The initial concentration of sulfate in groundwater sources will affect heavy

metals removal efficiency.



CHAPTER 2
THEORY AND LITERATURES REVIEW

2.1. Water quality in Kandal province, Cambodia

Several studies showed quality assessments of groundwater providing the summary
background of quality sources in Kandal province, Cambodia as shown in Table 2.1.
The Cambodian Drinking Water Standard and World Health Organization Standard
for Drinking Water also includes in this table. In addition, there is the comparison

between groundwater quality by the CDWS and WHO standards.

Table 2.1.Summary groundwater quality in Kandal province, Cambodia

Sources Buschmann Luu et al. CDIC MolMAE WHO
et al. (2008) (2009) (2012) (2004) (2004)
As (ug/L) 155 - 1000 50 10
Mn (mg/L) 0.6 - 28 0.1 0.4
Fe (mg/L) 2.2 0.07 100 0.3 0.3
pH 6.92 7.2 7-8 6.5-8.5 -
Total hardness
- 3194 1440 300 -
(mg CaCOa/L)
DOC (mg/L) 3IL 4.998 - - -
TDS (mg/L) - 325 - - 1800
S04 (mg/L) - 175.9 - - -

To sum up, there are many heavy metals in the groundwater sources which have
exceeded the WHO Drinking Water Standard and Cambodia Drinking Water Standard

as is present in Table 2.2.




Table 2.2. WHO, Cambodia Drinking Water Standard and maximum real situation

Parameters WHO (2004) MoIMAE (2004) CDIC (2012)

As (ug/L) 10 50 1000

Mn (mg/L) 0.4 0.1 28

Fe (mg/L) 0.3 0.3 100
2.1.1. Arsenic

The arsenic distribution is more homogenous in Cambodia, but restricted to the

floodplains along the Mekong, Tonle Sap and Bassac rivers as shown in Figure 2.1.

Arsenic is the most critical pollutant in groundwater in Cambodia. Its affects is very

large regional and have the most severe health consequences for those consuming

arsenic contaminated water for a long time generally 5 to 10 years. The concentration

of arsenic in Kandal has been found as high as 1 to 1340 pg/L whereas WHO and

Cambodia drinking water quality standards are 10 pg/L and 50 pg/L, respectively
(MoIMAE, 2004; WHO, 2004).
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Figure 2.1. Arsenic concentration in Groundwater in Kandal map (Buschmann et al.,

2007)
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2.1.2. Manganese

Groundwater contaminated in Cambodia has been found that the manganese which is
another health impact to the human. Manganese naturally occurs in the ground in soil
and water. Many tube wells are polluted with manganese; however, the health effects
are less visible than arsenic. Manganese is addressed as a neurotoxic element which
impacts brain function. The Cambodian and WHO consumption drinking water
standard for Manganese is 0.4 mg/L to prevent health impacts (MoIMAE, 2004,
WHO, 2004). Consumption of manganese contaminated groundwater has been linked
to lower test scores and hyperactivity in children (Sam Ol, 2011). At the small amount
of manganese concentration, it is possible to produce the effects in desirable water
taste and discoloration. Tube wells groundwater in Kandal, Prey Veng and Kompong
Cham provinces was recognized that the manganese concentration has been hugely
contaminated. Lastly, the range of manganese concentration in Kandal province is
evaluated from less than 0.1 to 28 mg/L (CDIC, 2012).

2.1.3. Iron

In Cambodia, groundwater is usually contaminated by iron. Iron affects water
characteristics leading to a cloudy, poor taste, burden laundry machine and discolor
rice (Sam Ol, 2011). The WHO Drinking Water Quality Standard of iron is 0.3 mg/L
which is appropriated to aesthetic effects, as Cambodia Water Drinking Standard
(MoIMAE, 2004). Based on Table 2.1 shows that the iron concentration ranged from
0.07 to 100 mg/L that is exceeded the standard in Kandal province. Moreover, there
also have research which is conducted to work on iron concentration in groundwater
assessment map in Cambodia. In the map, iron concentration is exceeded 10 mg/L in

Kandal province which is demonstrated in Figure 2.2.
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Figure 2.2. Iron concentration in groundwater in Kandal Map (CDIC, 2012)
2.2. Heavy metals solubility and precipitation
2.2.1. Arsenic

There have two types of arsenic forms in water sources. It includes organic and
inorganic forms, however; the most present forms of arsenic in groundwater sources
is in for inorganic form. Moreover, two species of arsenic in natural water sources
include arsenite [As(I11)] and arsenate [As(V)]. The pKa values are represented in
Table 2.3 (Janga, Somannaa, and Kimb, 2016). In terms of inorganic form, the natural
principles of arsenic in waters including H2AsO4", H3AsOs, HAsOsand As3Os*. The
redox reaction in a system containing As®*" and As®* and the possible reaction of

arsenite with iron hydroxide is illustrated in the Equation 2.1 and 2.2.

H3AsO4 + 2H" + 2e- — H3AsO3 + H20 Eqg. 2.1
Fe(OH)(s) +H3AsOs(aq —FeHASO35> + H20(g) Eqg. 2.2
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Table 2.3.The relative of pKa values and As®* and As®* species (Janga et al., 2016)

Arsenic Species pKaz pKaz PKas
HzAsO4 2.19 6.94 115
H3AsO3 9.2 N/A N/A

As shown in Figure 2.3 illustrated the relationship between pe and pH at which the
types of arsenic species changed forms by given electron concentration under
thermodynamic condition. The changed of As®* to As® in oxidation state is feasibility
with dissolved oxygen. At pH lower than 2, the predomination of arsenic acid is lower
than the pH ranges from 2 to 11 that it is replaced by H,AsOs and HAsO.*. At
higher Eh, the arsenic acid species such as HsAsOs, H3AsOs, HAsOs%*, and AsOs*>
are stable and in the middle Ey the arsenous species either are stable. However, the
arsenic oxide is formed insoluble. Under the pH conditions of most groundwater,
arsenate is presented as the negatively charged oxyanions HAsOs or HAsO.>,

whereas arsenite is present as the uncharged species HsAsO3z (Ferguson and Gavis,

O 75L' -l T ———
|HsAs0,

Eh(volts)

1972).

Figure 2.3. The speciation of arsenic under varying pH and redox conditions
(Ferguson and Gavis, 1972)
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2.2.2. lron

Iron is generally a heavy metal containing in the earth’ crust (soil and water). It occurs
in two oxidation states, the divalent or ferrous form and the trivalent or ferric. The
iron retained in solution is consequently affected by the pH of the solution such as the
activity of the ions involved, both through the formation of hydroxide complexes and
precipitation of solid hydroxides. Moreover, Fe(OH)s is mostly contained in natural
water. Under equilibrium in the pH range of the 5 to 8, it will be solidification forms,
thus low solubility (Washington and Off, 1962). Because of the low solubility of iron,
it tends to precipitate under condition Ex lower than 0 and over pH in a range higher
than 7. Iron tends to precipitate to Fe(OH)s when it is under oxidation value Ey higher
than 0 and pH is exceed than 5 as shown in Figure 2.4. In free space, Ferrous is
relatively soluble and a condition of groundwater that En range from 0.10 to 0.20 V
and pH ranges from 5 to 9 (Crittenden et al., 2012).

1.40

FeOH? Water
P oxidized

050 — Eod

Fe(OH)4(s)

0.00

0.50
Water

reduced

1.00 - -

pH

Figure 2.4. The speciation of iron under varying pH and redox conditions (Crittenden
etal., 2012)

In addition, iron was formed many bulks and nano-sized iron oxides (Fe2Osz and
Fe304) are synthesized from hydroxides. Iron (111) hydroxides, in the form of Fe(OH)3
or the anhydrate from FeO(OH). From Equation 2.3, it may be prepared from

elemental iron:
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4 Fe +3 02+ 2 H0 - 4 FeO(OH) Eq.2.3

By via electrolysis, hydroxides may be readily prepared from the ion form following

by the chemical stoichiometry as shown in Equation 2.4 and 2.5.

Fe** + 3 OH — Fe(OH)s3 Eq. 2.4
Fe®" +2 OH — Fe(OH): Eq.2.5

In the presence of hydroxide NaOH concentration as alkalinity condition. In water,
hydroxides were easily made form hexacoordinated complexes and undergo
deprotonation based on the pH of the environment. It has been taken the form of
[Fe(OH)n(H20)6-h]@™* where z is the formal charge of iron and h is digit of
hydroxylation actuating from 0 at pH 1. For ferrous, protonation occurs at pKa;=9.5

and pKa.=10.5. In order words, ferrous hydroxides in exist in forms in Equation 2.6.
[Fe(H20)6)** <> [Fe(OH)(H20)s]* Eq. 2.6

2.2.3. Manganese

Similarly, manganese is highly content in the natural environment such as water, soil,
and groundwater. This chemical element is highly potential for metabolism process
for plantation. In nature, there have four states of predominating such as +2, +3, +4
and +6 which form as oxides or hydroxides mostly presence in water and or nearby
the earth surface. As the form a carbonate and a sulfide in divalent manganese
species, it is oxidized at high pH with rapid rate. Because of the complexity of
manganese in natural water, the Eh-pH diagram which was used to understand the
stability and solubility of this element. As shown in Figure 2.5 represents a system
would ordinarily be found in nature, the general relationships are interested. In the pH
range commonly found in natural water, from about pH 5 to about pH 10, the
solubility of manganese is considerably more than 0.01 mg/L over a wide range of Eh.
At a pH of more than 12.3 the solubility can exceed 0.01 mg/L, at low Eh. Manganese
is readily soluble at a pH of 7.0 and Eh equals to +0.50. In addition, the diagram
indicated that manganese solubility is strongly affected by lower Eh or pH, in a

system where oxides are the predominant solids (JohnD, 1963)
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Figure 2.5. Predominance area diagram for permanganate system for total species
concentration of 10~ mol/L (Crittenden et al., 2012)

Moreover, manganese oxides have been comprehensively investigated as oxidizing
agents for arsenite, and the overall oxidation reaction is illustrated in Equation 2.7 and
2.8. It was demonstrated that the oxidation of As(l1l) by a two steps pathways given
in Equations 2.7 and 2.8. It was also involved the reduction of Mn(IV) to Mn(l11) and
then Mn(111) to Mn(1l) (Zhang et al., 2007).

MnO; + HoAsO3 + 2 HY <> Mn?* + H3AsOa4 +H> Eq. 2.7
2 MnO;z + H3AsO3 <> 2 MnOOH* Eqg. 2.8
2 MNOOH* + H3As03 + 4 H' <> 2 Mn?* + H3AsO4 Eqg. 2.9

2.3. Current treatment technologies in Cambodia

Some studies on heavy metals removal from groundwater in Cambodia has described
in this section. The studies have used the technology such as filtration process,
membrane process and adsorption for purifying water to be safe drinking water. The

summary of their process such as:

Uy et al. (2009) has studied on arsenic, iron, phosphate, and hardness removal in raw
groundwater by using Kanchan Arsenic Filter. Arsenic contamination in drinking

water is a critical issue in Cambodia. The groundwater had arsenic and phosphate
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concentrations averaging 637 ug/L and 5.09 mg/L, respectively. It was representing
challenging water quality source. It is the natural rusting process of these nails that
provides the iron oxide adsorption sites to remove the arsenic from the water. The fine
sand filter media below the 5 or 6 kg of nails performs as an intermittently operated
slow sand filter. There has 20 L of raw groundwater has used for testing daily for 30
weeks in the morning and evening. As result, arsenic is removed averaged 95 to 97%
for all configurations. Iron is removed 99% efficiency and hardness is acceptable

range.

Kang et al. (2014) worked on developing arsenic removal technology from
groundwater. This study surveyed and test the well water quality in 3 provinces in
Cambodia including Kandal, Kompong Cham and Prey Veng. Amorphous iron
(hydr)oxide was synthesized as adsorbent to study in this research. They have
developed two types of As removal equipment. For type 1, they used a hand power
without reverse osmosis (RO) membrane. Well water passes the pretreatment system
that consists of a bag filter, 1 um filter and a 0.2 um filter. The water then moves to
the adsorbent cartridge and As is removed by the adsorbent. Moreover, for type 2,
they used the electric power with RO membrane. In the same manner as in Typel.
Well water is passed through the pretreatment system then RO membrane. The
adsorbent cartridge is packed in the layers consisting of 2 kg of the adsorbent, 4 kg of
palm husk-activated charcoal, 0.5 kg of coarse sand, and 0.5 kg of fine sand. They
based on the results of the field survey on well water. For field surveying, they found
that As concentration in 68 % of the well water samples higher than WHO standard
value for As concentration in drinking water and that in 35 % of the wells was higher
than 500 pug/L. As a result, the As removal rate was 83.1 to 99.7 %, with an average of
93.7 %, indicating that the As removal equipment greatly lowered the risk of As

exposure to the residents.
2.4. Heavy metals removal treatment methods

Pollutants generated in the effluent is characterized as organic and inorganic
pollutants which have a different concentration of toxic level. Chemical, physical and

biological treatment are commonly used in the treatment of organic pollutants.
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However, these methods are not suitable for the inorganic pollutant like heavy metals.
Because of their qualities like solubility, oxidation-reduction characteristics, and
complex formation, the heavy metals composition plays a critical concern. Recently,
many of water treatment technologies have been applied for heavy metals removal
from groundwater sources to be drinking water. Hence, this section is described the
definition and mechanism of those treatment processes in physical and chemical
treatment. Each of techniques is studies by many researchers and the methods used for
heavy metal removal includes ion exchange, membrane, oxidation, coagulation
process, etc. All these methods removed the heavy metal is represented in the

following below.
2.4.1. lon Exchange process

lon exchange is defined as the process through which ions in solution are transferred
to a solid matrix which, in turn release ions of different types but of the same charge.
lon exchange is a physical separation process in which the ions exchanged are not
chemically altered. Furthermore, the ion exchange resin can be categorized based on
functional groups such as cationic exchange resins, anion exchange resins, and
chelating exchange resin. This process has rapidly reacted with the pH of the solution
(Barakat, 2011).

Based on the Zewail and Yousef (2015) found that the results of heavy metals
removal efficiency of Ni?* and Pb?* are 98 % and 99%, respectively. Using an lon
exchange resins (AMBERJET 1200 Na) has been performed in batch conical air
spouted vessel in the kinetic model, but it has been required checking the air spouted
to the system. Meanwhile, the removal efficiency of the Ni%* was dropped during the
increasing of the initial concentration because of the fixed an exchange resin.
Moreover, the study on heavy metals such as As, Fe, Mn removal in groundwater
Vaaramaa and Lehto (2003), has been pointed that iron which was present as
Fe(OH)3, it took up well by the cation exchangers, and arsenic, which presumably
was sorbed on the iron species that was consequently sorbed on the exchangers. The
quality of effluent is good compared to the WHO standard, and it stayed in the
alkalinity condition.
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Therefore, the main advantages of ion exchange include metal value recovery,
selectivity, less sludge volume production and the meeting of strict discharge
specifications, the high removal efficiency, and fast kinetic reaction. Recently, there
have lots of different exchange materials to synthesis resins are available. On the
other hand, the disadvantages of the ion exchange process that it cannot handle

concentrated metal solution as the matrix as fouled by organics and solids.
2.4.2. Coagulation process

The coagulation process is a chemical process that use the chemicals such as Alum,
Fe3* as coagulants to destabilize the particles in the water. Recently, the process was
categorized into two mains such as conventional coagulation process by chemical aid,
the electro-coagulation process by using chemical charge. There are four mechanisms
of this process include compression of the electrical double layer, adsorption and
charge neutralization, adsorption and inter-particle bridging, and enmeshment in a
precipitate, or sweep-floc. Typically, Jar test is required in this process (Crittenden et
al., 2012).

Consequently, to remove heavy metals from groundwater the sweep co-precipitation
by coagulants is the essential mechanism utilization that it changes the formation of
metal to be metal-hydroxide and insoluble than precipitate (Lee et al., 2007). Based
on the Lee et al. (2007) a process was used to treat the groundwater. Lime and
calcium carbonate have been applied in term of their abandon quantity, economic, less
toxicity to the environment. The heavy metals such as As, Ni, Cd, and Zn are the main
pollutants in the groundwater sources. As a result, the research pointed out that
granular calcium can remove Ni and Zn more effectively except arsenic can removal
50% efficiency. However, a combination of the lime and calcium, the performance of
treatment in column test is pretty good, the sludge and hardness may be occurred by
high Calcium in water.

Moreover, Electrocoagulation process is performed to remove heavy metals in
groundwater by generated the metal hydroxides. It works as coagulants in an aqueous

solution which provides the active sites for adsorption such as sweep coagulation,
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bridge coagulation, co-precipitation. While the electro-coagulation process, the
change of speciation and redox potential of arsenic and fluoride, the removal
efficiency of Arsenic and Fluoride simultaneously depended on the pH ranges. In
term of changing the pH, the ranges of pH which is suitable for removal was equal to
or exceed 8.4 for all the initial pH values from 3 to 11. The percentages of removal
decrease when the initial pH rises above 7 because of the presence of negative charge
of arsenite and fluoride increasing. Sludge also was produced in this case with
components of As(Ill) and Fluoride (Thakur and Mondal, 2017). Therefore, the
advantages of this process cost effective, and removal efficiency. Nevertheless, the

disadvantages are sludge production, depend on pH.
2.4.3. Membrane filtration

Membrane process is a new technology in term of physiochemical treatment that uses
in any pollutants by separation mechanism (Crittenden et al., 2012). Membrane
filtration technologies are the most commonly used to remove heavy metals with high
efficiency, and space saving. Typically, there have 3 main processes in the membrane
filtration to remove heavy metals such as ultrafiltration, reverse osmosis,

nanofiltration and electrodialysis.

The reverse osmosis process has been defined as uses a semi-permeable membrane to
remove high ranges of dissolved species. Based to Subramani et al. (2012) the RO
process can recover about 60% of feed water recovery by using RO to treat mine-
contaminated  groundwater. However, without chemical softening and
electrocoagulation in the primary treatment of heavy metals removal, the reverse
osmosis process faces a problem by scaling on the membrane surface by CaSOa.
Regarding Sang et al. (2008) has been used the micellar-enhanced ultrafiltration
using poly hollow fiber membrane can be achieve more than 99% of removal
efficiency of metal in groundwater sources contaminated with heavy metals such as
Pb?* and Cd?* in the feed of 100 mg/L but the process was used with high voltages to

electro-spinning process.
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In addition, in the last decade, Ellis, Bouchard, and Lantagne (2000) have worked on
the microfiltration for iron and manganese removals in groundwater. The process
performance is good; however, the oxidation process is required in pH is 8.5 for
process completion. At pH 8 and 8 °C of temperature was achieved 20 % manganese
removal. Because of the microfiltration is allowed the pore size 1 um of pollutants
size, this research found that the artificial and natural groundwater quality in form of
iron oxide and manganese oxide, their pores size distribution ranged from 1.5 to 50
pm. Thus, the iron and manganese physically were separated from groundwater. The
phenomena introduce the adsorption process between iron oxide and manganese.
Unfortunately, the membrane was fouled by oxide particles that were retained on the

surface membrane and pressure was needed either.

In sum up, the advantages of the membrane are high removal efficiency, high binding
selectivity, highly concentrated metal concentrates for reuses, and spacing operation,
etc. Besides, the benefits of using membrane filtration, the disadvantage also occurs
such as using high energy consumption, scaling on the membrane surface, high cost,

clogging, and membrane fouling.
2.4.4. Electrochemical treatment

The electrochemical method is defined as the combination of other the electrical
combination and other techniques that made highly development to remove heavy
metals from wastewater. Electrodes in the reactor shift the electrons which result in a
reduction of pollutants(Carolin et al., 2017). The method is based on the electrode
material and cell parameters such as mass transport, current density, chemistry
compound in water (Silva et al., 2018). An electrocoagulation reactor consists of two
electrodes including anode and cathode in which the external energy is generated the
coagulants such as aluminum and iron at the anode and hydrogen at the cathode in the
contaminated water. The advantage of using electrocoagulation process is compact
sludge production, easy to operate, small retention time. The disadvantage of this
method is limited to certain applications because of the short lifespan of electrode
material, low mass transfer rates, increase in temperature during the process (Carolin
etal., 2017).



2.4.5. Summary

In summary, heavy metals pollutants have been treated by different methods. Most
researchers have been improved the technology to remove heavy metals from
groundwater to be drinking water due to disadvantages to meet the standard.
However, each method has its own advantages and disadvantage as shown in Table

2.4. Different technologies, conditions, need different methods for treating heavy

metals in groundwater sources.

Table 2.4.Summary the advantages and disadvantages of treatment methods

Treatment methods

Heavy metals

Advantages

Disadvantages

Metal recovery,
high removal
efficiency, fast

Cannot handle
concentrated
metal solution

usage

lon Exchange As, Fe, Mn, Kinetic reaction, | as the matrix as
Pb, Ni
less sludge fouled by
production organics and
solids
Cost effective, | Jar test, Sludge
Coagulation As, Ni, Cd, F, high_rgmoval and ha_rdness
Zn efficiency production, and
pH dependence
High removal High cost,
efficiency, membrane
Membrane Filtration | Fe, Mn, Pb, Cd | reusable heavy | fouling, scaling,
metals high energy
consumption
Efficient metal High initial
Electrochemical .| ions removal, investment and
Cu, Cr, and Ni . -
treatment low chemical electricity

requirement
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2.5. Adsorption process
2.5.1. Theory of adsorption process

Adsorption process is defined a mass transfer operation in which substances present in
a liquid phase are adsorbed or accumulated on a solid phase and removed from the
liquid. It has been used in drinking water treatment for the removal of taste and odor-
causing compounds, synthetic organic chemicals, color-forming organics, and
disinfection by product (DBP) precursors. Moreover, adsorption application was used
to remove inorganic compounds including that represent a health hazard such as
perchlorate, arsenic and some heavy metals (Crittenden et al., 2012). The mechanisms
of this method were categorized into three steps including transportation sorbate to the
outer surface of sorbent, diffusion of sorbate into the pore of sorbent and adsorption
of sorbate on sorbent as shown in Figure 2.6.

Step 1: Diffusion to Step 2: Migration into Step 3: Monolayer
Adsorbent Surface Pores of Adsorbent Buildup of Adsorbate

Figure 2.6.Adsorption process mechanism Source:
https://slideplayer.com/slide/10567105/

Adsorbate is the constituent retained onto a surface which is referred to as the
adsorbent in phenomenality. In terms of the removal mechanism processes, the

dissolved species are transported into the porous solid adsorbent granule by diffusion



23

and are then adsorbed on to the extensive inner surface of the adsorbent. This process
is affected by temperature, the nature of the adsorbate and adsorbent, the presence of
other pollutants, satmospheric and experimental conditions such as pH, the
concentration of pollutants, contact time, and particle size of the adsorbent (Ali and
Gupta, 2006). For most applications in water treatment, the amount of adsorbate
adsorbed is usually a function of the aqueous-phase concentration and this
relationship is commonly called an isotherm (Crittenden et al., 2012). Langmuir and
Freundlich models are the well-known models and can explain the adsorption
efficiency of the pollutants in isotherm which is described detail in the next part.
Moreover, the batch and column test in the laboratory has been used to carry out the

development and optimization of the adsorption parameters.

In adsorption process, the interaction between the adsorbate and adsorbent in aqueous
solution is occurred by physical and chemical forces within and surrounding the
adsorbate compounds. In physical adsorption process is divided into 3 interaction
competations such as adsorbate water interactions, adsorbate surface interactions, and
water surface interactions. These physical adsorption interactions have been
determined by the strength of adsorbate surface interactions, surface chemistry and
solubility of adsorbate the surface chemistry such as hydrophobic and hydrophilic,
respectively. For chemisorption is happened while the adsorbate reacts with the
surface to form a covalent bond or an ionic bond. Some of the chemical forces occur
between the adsorbent surface and adsorbates are shown Figure 2.7. The chemical
reaction on surface is strongly effected to the high reaction rate. So, the volumetric of
small pores and abundant surface area is really essential and potential in adsorption
process. Moreover, the attraction between adsorbent and adsorbate methods are
caused by a covalent or electrostatic chemical bond between atoms, with shorter bond

length and higher bond energy.
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Figure 2.7. Surface functional groups and forces of attraction (Crittenden et al., 2012)

In addition, being more detail on adsorption with respect to ionic species, one class of
the chemical bonding to specific surface sites is the acid-base reaction at a functional
group. An example is the reaction of hydrated metal ions from solution with
hydroxide sites on metal oxides as presented in the reaction of Equation 2.10. For
adsorption of ionic species to surfaces, the most important mechanism is electrostatic
attraction, which is highly dependent on pH and ionic strength (Crittenden et al.,
2012).

MeOHgq) +SOH (surfacey = SOME (surface) + H20 Eq. 2.10

where MeOH is the metal ion adsorbate, and SOH is the hydroxide site on metal

oxide adsorbent.
2.5.2. Adsorption kinetic

The kinetic adsorption model is used to demonstrate the rate of adsorbate which is
uptake on the metal controls at equilibrium time. The mechanism of sorption process
includes chemical reaction, diffusion control and mass transfer were examined by the
several kinetic models were used to test experimental data. The Kinetics data are
interpreted and discussed by calculating values of enthalpy (AH), free energy (AG),
the energy of activation (Ea) and entropy (AS) by using well known Kinetics
equations. Pseudo-first order, pseudo-second order were applied to study the kinetics

of the adsorption process. At the end of the equilibration period, the aqueous-phase
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concentration of the adsorbate is measured and the adsorption capacity is calculated

by using the mass balance expression in Equation 2.11.
qt:%(CO—Ct) Eq. 2.11

Where qt is adsorbent-phase concentration of adsorbate along the times (mg
adsorbate/g adsorbent), Co is the initial aqueous-phase concentration of adsorbate
(mg/L), Ct is aqueous-phase concentration of adsorbate along the times (mg/L), V is

the volume of aqueous phase added to bottle (L), and M is mass of adsorbent (g).
a.  The pseudo first-order Kinetic

The pseudo first-order was used in the equation (Lagergren’s equation) to explain
adsorption in solid and liquid systems based on the sorption capacity of solids to
understand the adsorption rate (Yuh-Shan, 2004). The linear equation predicts this
model is explained as shown in Equation 2.12.

k
log(ge —qt) =log g, ———1—t Eq. 2.12
9(0e7 AtV Jodde s — = g

Where ge and qt are the adsorption capacity at equilibrium and time, respectively
(mg/g), k1 is the pseudo-first order rate constant(1/min).

b.  The pseudo second-order kinetic

The pseudo-second-order rate equation used to examine Kinetic equation based on
adsorption capacity from the concentration of a solution by analyzing the
chemisorption in the solution (Ho, 2006). The Equation 2.13 is expressed the linear

pseudo-second-order rate.

t 1 1
T +q—t Eq. 2.13
t 24e e

Where k; is the rate constant for pseudo second-order adsorption (mg/gmin) and k0?2
or h (mg/mgmin) is the initial adsorption rate.
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2.5.3. Adsorption isotherm

At equilibrium, adsorption isotherm examined the proposition of sorbate molecules
that are partitioned between liquid and solid phases. Two well-known models
determine the isotherm process in adsorption technique including Langmuir and

Freundlich (Dada et al., 2012) which described as following:
a.  Langmuir adsorption isotherm

Model describes the quantitatively the formation of a monolayer adsorbate on the
outer surface of the adsorbent, and after that no further adsorption takes place.
Thereby, the Langmuir represents the equilibrium distribution of metal ions between
the surface and solution as a reversible chemical equilibrium between species. The
Langmuir isotherm is valid for monolayer adsorption onto a surface containing a
finite number of identical sites. The model assumes uniform energies of adsorption
onto the surface and no transmigration of adsorbate in the plane of the surface. Based

upon these assumptions, Langmuir represented the following Equation 2.14.

Lt QOKLCe

TLKC, Eq.2.14

Langmuir adsorption parameters were determined by transforming the Langmuir

equation into form as Equation 2.15.

1 1 1

=—+
qe QO QOKLCE

Eq. 2.15

Where Ce the equilibrium concentration of adsorbate (mg/L), ge is the amount of
metal adsorbed per gram of the adsorbent at the adsorbent at equilibrium (mg/g), Qo
IS maximum monolayer coverage capacity (mg/g), and K. is Langmuir isotherm

constant (L/mg).

Therefore, the value of gmax and K. were computed from the slope and intercept of the
Langmuir plot of Ce/ge versus Ce. The essential features of the Langmuir isotherm
may be expressed in terms of equilibrium parameters Ry, which is a unitless constant

referred to as separation factor or equilibrium parameter, calculated by Equation 2.16.
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1

R=——— Eq. 2.1
“T14 (11K Cy) 9216

Where Co is the initial concentration (mg/L), Kv is the constant related to the energy
of adsorption (Langmuir Constant). Ry is valued indicates the adsorption nature to be
either unfavourable is R <1, Linear if R.=1, favourable if 0<R.<1 and irreversible if
R.=0. The graph of the adsorption capacity with a concentration in equivalents is

represented in Figure 2.8.

Q- ————

Ce

Figure 2.8. Langmuir adsorption curve (Alexandar S and Pharm M, 2015)

b.  Freundlich Adsorption Isotherm

It is originally an empirical model which is the first known relationship describing the
non-idea and reversible adsorption, not restrict to the formation of monolayer and
apply with multilayer adsorption with non-uniform distribution of adsorption heat and
affinities over the heterogeneous adsorbents (Freundlich, 1906). Historically, its
equation can be derived using the Langmuir equation to describe the adsorption onto
sites of a given free energy and considering the following assumptions including the
site energies for adsorption follow a Boltzmann distribution and the mean site energy
is AHMo , and the change in site entropy increase linearly with increasing site
enthalpy -AHado and the proportionality constant (Crittenden et al., 2012). The

equation was illustrated as following Equation 2.17.
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1
g, =K,Cr! Eq. 2.17
Where Ky is Freundlich isotherm constant (mg/g), n is adsorption intensity, Ce is the
equilibrium concentration of adsorbate (mg/L), and ge is the amount of metal
adsorbed per gram of the adsorbent at equilibrium (mg/g). In addition, the linear

equation can be derived as Equation 2.18.

logq, =log K, +%Iog C. Eq.
2.18

The constant Kr is an approximate indicator of adsorption capacity, while 1/n is a
function of the strength of adsorption in the adsorption process. If n=1 then the
partition between the two phases are independent of the concentration. If the value of
1/n is below one, it indicates a normal adsorption. However, if the 1/n is higher than
one, it indicates the cooperative adsorption (Dada et al., 2012). As the temperature
increases, the constants Kr and n reflectively change the empirical observation that the
quantity adsorbed increases more slowly and higher pressures are required to saturate
the surface. Where Kr and n are parameters characteristic of the sorbent-sorbate
system, that must be determined by data fitting and whereas linear regression is
typically used to determine the parameters of kinetic and isotherm models. The curve
can be plotted with adsorption capacity and concentration is represented in Figure 2.9.

Figure 2.9. Freundlich isotherm curve (Alexandar S and Pharm M, 2015)
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2.5.4. Adsorption experiment procedures

a.  Batch adsorption experiment

The batch adsorption process was developed by starting with the isotherm plotting
graph as shown in Figure 2.10. that illustrated a typically equilibrium graph plotted
between adsorbate concentrations of adsorbed per gram of adsorbent and in the
aqueous phase, respectively at equilibrium (Ce). Basically, maximum adsorption of
pollutants on a particularly adsorbent can be achieved by optimizing various
parameters of adsorption. Adsorption batch experiments can be carried out the

kinetics which is also a very important step to understand the adsorption mechanism

Amount adsorbed (mg g7') —»

Equilibrium concentration (C,) (mg 1y —-

and to design columns on laboratory, pilot and industrial scales (Ali and Gupta, 2006).

Figure 2.10. A typical batch adsorption isotherm indicating equilibrium stage at
Adsorption (Ali and Gupta, 2006).

b.  Column adsorption experiment

Ali and Gupta (2006) has pointed out that the optimized conditions of adsorption are
determined by batch experiments, these can be transferred to column operations. The
designing of a column starts with laboratory testing to determine the breakthrough
capacity. A mass transfer zone is formed in the column bed by passing contaminated
water through. The depth of this zone is controlled by the characteristics of the
adsorbent, pollutants and hydraulic factors. The depth of the mass transfer zone is a
measure of the physical and chemical resistance to mass transfer. This zone moves

down and reaches the bottom of the column, where pollutant concentrations and



30

breakthrough point of the column occurs. This situation is illustrated in Figure 4. The
breakthrough curve is idealized by the assumption that the removal of the pollutants is
completed over the initial stages of operation. The breakpoint is chosen considerately
at some value, Cy for the effluent concentration. At considerately selected effluent
concentration, Cx closely approaching C, which is the sorbent by considering to be
importantly exhausted. Total mass quantity of effluent Vy is passing per unit cross-
section at the break point, and the nature of breakthrough curve (between the values
of Vp and Vs) are used for design purposes. The primary adsorption zone in the fixed
bed adsorbent is that part of the bed where there is a concentration reduction from Cy
to Cp. It is assumed to be of constant length (Lm) as seen in Figure 2.11. Total time x

related for primary adsorption zone formation maybe calculated by Equation 2.19.
| gy Eq. 2.19

Where Fn is the mass rate of flow to the adsorbents expressed as mass per unit time
per unit cross-sectional area of the bed. The fractional capacity (f) of the adsorbent at
breakpoint may be calculated by Equation 2.20.

1

fzj 1—£d Ve =Yy Eqg. 2.20

0 Co Vx _Vb
Moreover, the percent column saturation at the breakpoint is given by the Equation
2.21.

[D+L,(f-1)]

Eqg.2.21
D q

%saturation =

Where D is adsorbent bed depth (mm)
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Figure 2.11. A typical column breakthrough curve (Ali and Gupta, 2006)

2.6. Adsorbent properties
2.6.1. Iron oxide particle

The chemical compositions of iron oxide include iron and oxygen which is presented
in the environment and locality. Typically, iron forms as Fe?* and Fe*" in the iron
oxide material which are magnetic. There have 16 iron oxides composition such as
ferric oxide (Fe203), magnetite (FezOs), maghemite (y-Fe203), hematite (a-Fe203),
ferrihydrite (Fe203.0.5H20), hydratediron(lll) oxide (Fe(O)OH), goethite (a-
FeO(OH)), akaganeite (B-FeOOH), lepidocrocite (y-FeOOH), feroxyhyte (5-FeOOH)
and limonite (FeO(OH).nH20) are well known iron oxide derivatives. The point of
zero charge pHezc of iron oxides was in 6 t010 (Cornell and Schwertmann, 2003). If
in aqueous solution have pH value lower than pHpzc of iron oxide, the surface
hydroxyl sites could be protonated and positively charged. Unlike, the active sites are
deprotonated when the solution pH is higher than pHpezc, resulting in negatively
charged sites and the adsorption of metal cations on iron oxide could possibly take
place via electrostatic interaction with the negatively charged sites on iron oxide
surface (Koretsky, 2000).

The study focused on the iron oxide with sand filtration by Thirunavukkarasu et al.
(2003) shown that the surface area of iron oxide coated with sand filtration was in the

specified range of goethite and hematite that suggested that the iron oxide was
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probably a combination of goethite and hematite. Moreover, the possible reaction
happened which is made the goethite and hematite as Equation 2.22, 2.23, 2.24, and
2.25.

2 Fe(NO3)3.9H20 +2 H,O— 2 Fe +6 HNO3 + 17 H0O +1.5 O3 Eqg. 2.22
2 Fe +6 HNO3z + 17 H,O +1.5 O2 +4 NaOH — 2 Fe(OH)2 + 2 HNO3 +4 NaNOs +19
H>O +0.5 O, Eq. 2.23

2 Fe(OH)2 + 2 HNOs +4 NaNOgz +19 H.0 +0.5 O2 —(dehydration)  Eq. 2.24
aFe203 +2HNO3 +21H,0 +4NaNOg, a-FeOOH + 2HNO3s + 20H20 +4NaNOsEqg. 2.25

The adsorption is specific, which may involve the replacement of surface hydroxyl
groups by the adsorbing ligand. The reactions between arsenic species and goethite

may be represented by Equation 2.26 and 2.27.

a-FeOOH + H2AsO 4 + 3 H* — FeH2AsO4 + 2 H,0 Eq.2.26

a-FeOOH + H3AsOs + 2 H" — FeH2AsOs+ 2 H,O Eq.2.27

2.6.2. Nano iron particle

Small sized metal oxide particles (iron oxides nanoparticles) have a large surface area,
higher active sites, and magnetic characteristic, make them potentially technology for
remediation pollution from water typically from 1 to 100 nm of diameter size. In
solution, the iron oxide nanoparticles are largely diffusion with particle sizes of less
than 40 nm. Iron oxide nanoparticle such as FesOs or y-Fe.Os and ferrites are
commonly used in an agueous medium which chemical reaction of formation as
Equation 2.28.

M?* +2 Fe** + 8 OH — MFe;04 + 4 H,0 Eq. 2.28

Where M can be Fe?*, Mn?*, Co%*, Cu®*, Mg?, Zn?*, and Ni?*. The Magnetite
nanoparticles (FesOas) are not stable under atmospheric condition. The mean diameter
of Fe304 nanoparticle ranged from 9 to 37 nm which the percentages of ferrous ions
is depended on the total iron ion raised from 33 to 100 %. (Faraji, Yamini, and
Rezaee, 2010). Specially, the iron oxides nanoparticles were functionalized with
dimercaptosuccinic acid to remove heavy metals successfully. The nanoparticles have

the usefully high surface area of 114 m?/g, particles sizes of 5.8 + 0.9 nm, and
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magnetic collectability under a suitable condition (Yantasee et al., 2007).
Unfortunately, due to the particles size is a too small dispersion in solution highly, the
coated process was used to develop adsorbents such as Fe3O4 coated with humid acid
to remove heavy metals in water (Liu, Zhao, and Jiang, 2008).

2.6.3. Previous researches on the adsorption process

As mentioned in the previous section, day by day the modification of low-cost
adsorbents has been investigated to remove heavy metals such as arsenic, iron and
manganese is common sense in groundwater and wastewater. However, the
adsorption process typically effected by the initial concentration of pollutants, pH,
sorption capacity, adsorbent dose, contact time, specific area, the pore size of
adsorbent. Therefore, this section was carried out the research studies which have
been focused on the adsorption process generated with low-cost adsorbent and iron
oxide coated sand particles to remove arsenic, manganese, and iron that focused on

the mechanism and their affectivity.

Mondal et al. (2008) have investigated the arsenic removal presence with Mn and Fe
in groundwater simulation by comparing between granular active carbon (GAC) and
Fe3+ impregnated with GAC. They studied on the effect of adsorbent dose, particles
size and initial concentration of arsenic. The experiment selected the pH about 7 in a
neutral condition, and adsorbent dose 0 to 40 g/L, particle size 2 to 4 mm, and initial
concentration of arsenic ranges from 0 to 3200 pg/L. After the adsorption process was
done, they generated with the 0.45 pm membrane filter. Again, the adsorbent dose
was affected by the removal efficiency of arsenic by their surface-active site. They
have found that the GAC-Fe have specific area site higher than GAC. It caused to
removal efficiency higher in the optimal value 8 g/L and 24 g/L of both adsorbents
that used SEM for morphology and X-ray a Thermo FTIR. For Fe and Mn removal,
98 % and 99 % of removal were achieved, by using GAC and GAC-Fe with an
adsorbent dose of 24 g/L and 8 g/L, respectively. Fe** form as negatively charged was
obtained on GAC-Fe and Mn and Fe also removed by precipitation. Moreover,
particles size does not create the surface pore size, so it is not affected by Arsenic
removal. However, Mn and Fe were adsorbed by physical adsorption mechanism
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better than chemical adsorption. The initial concentration of the arsenic is the most
effected by constant adsorbent dose 8 g/L to 24 g/L. the optimal value of the initial
concentration of arsenic is lower than 500 pg/L in term of surface coverage and As
(11) species is oxidized to be As (V) fast in the simulation. Conversely, Fe removal is
not affected by the initial concentration of As. They have found that only Mn removal
was performed high, when initial arsenic increase. The amount of 8 g/L of GAC-Fe
possibly removes 95% of the initial concentration of arsenic about 200 ug/L  In sum
up, GAC-Fe impregnation is very effective adsorbent for heavy metal removal.
Therefore, this research gap is not mentioned in a contact time of adsorbent with

pollutants and adsorption capacity.

Yin et al. (2017) have found low cost adsorbent which is the porous charred
granulated attapulgite-supported hydrate iron oxide for removal arsenic. This research
has studied on the effect initial of iron concentration on arsenic sorption of charred
GAP, adsorbent dose, pH, co-exiting anion such as SO4*, HCO3 and PO,*, and the
reusability of adsorbent in batch and column fixed test experiment. Physical and
chemical components of the Fe modified charred GAP include 1 to 2 mm of particle
size, 52.2 m?g of surface area, 0.177 cm®g pore volume, 14.6 nm of average pore
diameters in 8.33 of pHpzc. Arsenic species are changed form in different pH, so they
have pointed the pH value which is suitable for arsenic removal is 5 to 9 indicated the
removal efficiency increase dramatically while the initial arsenic concentration is 20
mg/L. For the batch experiment, pH is 7 for isotherm and kinetic model. For
Adsorption kinetic, the temperature is 25 °C, arsenic solution 5, 20, 100 mgl/L,
adsorption dose 10 g of Fe modified charred GAP. Moreover, Adsorption isotherm
was used the 0.50 g of Fe modified charred GAP to remove initial arsenic
concentration range 0.05 to 200 mg/L. After that the water flows into the 0.45um
membrane filtration. As a result, the Fe modified charred GAP dose was selected at
the optimum values 20 g/L to 40 g/L at 1 mg/L and 10 mg/L of arsenic concentration,
respectively. The study has found that the adsorbent ability for arsenic removal about
78% within using 1 mol/L of adsorbent. The presence of anion does not potentially
affect the arsenic removal except POs*. This adsorbent can reuse by using NaOH

regeneration.
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Hu et al. (2015) have worked to remove the arsenic that co-exiting with anion by
using adsorption process with iron nanoparticles impregnate with biochar. The batch
and column test was examined in this study. Again, this study selected the pH was
varied from 5.8 + 0.2 by adjusting NaOH. For the batch experiment, the adsorbent
was added 0.1 g at 20 + 2 °C, arsenic concentrations between 0.1 and 55 mg/L, and
co-existing anions are 5 mg/L of SO4%, NOsz’, and CI- and 5 and 50 mg/L of PO4*, on
arsenic 5 mg/L. For the column test, 5 mm of the column was measurable about 1 g
of the test biochar adsorbents, and 0.5 to 0.6 mm of the average size of sand. The pH
keeps the same as batch test. The isotherm model such as Langmuir, Freundlich and
Temkin isotherm were applied in this research. As a result, the Langmuir isotherm
indicated that the maximum capacity of the adsorbent is 2.36 mg/g and K is 2.36
L/mg. Likely, Freundlich and Temkin isotherm which are used to understand
chemisorption described that arsenic was adsorbed by Fe impregnated biochar by
chemisorption. This study has focused on the arsenic capacity sorption which 2.16
mg/g was carried out and the initial concentration of arsenate is 0 to 55 mg/L. The
Fe-impregnated biochar is 3.88%. For this adsorbent the specific was not the main

parameters. About 85 % of arsenic initial concentration was removed by this process.

Babaee, Mulligan, and Rahaman (2018) have been studied on arsenite and arsenate by
using new adsorbent Fe/Cu nanoparticle in term of removal efficiency that effect of
different parameters including adsorbent dose and initial concentration. The
experiments were conducted in the batch test. By using 50 mL of centrifuge tubes, pH
7, 100 and 10 mg/L of the initial concentration of arsenite and arsenate, respectively
which is prepared in 1 L of DI water for the batch test. To understand the effect of
contact time, 48 hours of contact time have applied with an initial concentration of As
(1) 100, 500, 1000 pg/L and 50 mg/L of nanoparticles. Arsenic influence and
effluent were measured by using ICP-MS methods. Fe/Cu nanoparticles were
characterized by their physico-chemicals properties by X-ray diffraction (XRD),
transmission electron microscopy (TEM), and Brunauer Emmett-Teller (BET) surface
area. The result of this study has shown that Fe>Os, CuO were obtained, particle
diameter ranges from 4 to 22 nm with an average size of 13.17 nm, and BET surface

area of 79.5 m?/g higher than granular iron approximately 40 times. As a result, by
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using 100 mg/L of nanoparticles, the effect of the initial arsenic concentration of
1000, 500, and 100 pg/L on removal efficiency is 69%, 78%, 80 % of removal
As(I11), and 89%, 96%, and 97% of removal As(V), respectively. Thus, the adsorbent
dose is related to the arsenic removal. Moreover, pH also effects on the arsenic
removal in ranges from 4 to 11. The presence of coexisting ions such as PO, SO4%,
and COs?> have no effect on adsorption capacity for decreasing arsenic concentration.
Therefore, the synthesis of nanoparticles by using the reduction method that is the

easy technique, was successfully for arsenic removal.

Asmel et al. (2017) have researched on the arsenic removal in adsorption process by
using nano iron ion enrich material (NIIEM) super adsorbent. In their study, both
arsenic species As(111) and As(V) was added in 100 mg/L of each at pH of 2.5. They
have investigated the effect of adsorbents dose from 0.5 to 40 mg of mass NIIEM at
equilibrium time 24 hours in batch test in 1 mg/L of arsenic. After that, they have
varied the contact times form (0, 1, 2, 4, 8, 16 and 24 hr) with rotary shaker 200 rpm
and suspensions to 6000 rpm for 10 minutes before filtration. The effect of pH and
initial concentration of Arsenic have investigated in a range of 2 to 13, and 10 to 100
mg/L, respectively. As a result, the adsorbent dose of 40 mg/L is possibly removed
about 97 to 98 % of As (I1l) and As(V), respectively. In effect of beyond neutral pH
onto adsorption NIIEM is indicated that significantly increased on arsenic removal
and while pH range 3.5 to 10 results the same remaining of a decrease in arsenic
removal by positively charged surface species of adsorbent. The cost analysis also
determined and analyzed for pollutant remediation approximately 0.284 US$/kg and
1.630 US$/kg of adsorbents.

Benjamin et al. (1996) have been worked on an iron oxide coated on the sand to treat
heavy metals on water treatment. There have been two types of iron oxides coated
with sand as the low-cost adsorbents that are divided by difference coated methods
running in the conventional filtration process. The heavy metals have been studied
such as Cu, Cd, Pb, Ni, and Zn and its complexation. In process treatment operation,
pH was changed from 8, 9 and 10 in different conditions such as uncomplication and
complexed of metals cations. As results, the soluble heavy metals Cu, Pb, and Cd

were typically reduced about 80%, 90%, and 98%, respectively while the removal
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efficiency of these three metals complexity is 99%. The reason for high efficiency
removal is responded by the mechanism of adsorption and filtration between heavy
metals and adsorbents in majority happen in accidental treatment. The study is
concluded that the process was a success to remove these heavy metals in

simultaneous and individual contaminated in water or wastewater.

Day by day, the iron oxide coated sand has been developed and modified to be low
cost adsorbent for heavy metals and toxicity pollutants removal from water. V. Gupta
et al. (2005) have been investigated the research on adsorption of arsenic by using
iron oxide coated sand and uncoated sand as an adsorbent. The study has found that
the effect of initial pH in water about 5 to 7.6, which is carried out the arsenic
removal greater than 95%. The optimal pH is 7.5 can uptake the arsenic concentration
of 400 ug/L by using iron oxide coated sand and uncoated sand. Unlike, uncoated
sand is pursued about 10% of arsenic removal. Otherwise, the effect of contact time
was studied on 20 to 180 minutes. Caused by contact times, the study has pointed that
the maximum removal of 93% was achieved at the end of 180 minutes. The
adsorption plays important roles by pore diffusion which is effect to rate reduction.
Moreover, it caused by the mass transfer between the initial and final stages of the
adsorption process. Focusing on dose concentration effective, the range from 5 to 20
g/L has been investigated in this research. As result, the 20 g/L achieved arsenic 94
%, and 12.5 % removal efficiency, operated with iron oxide coated and uncoated
sand, respectively. For column study, the effect of filtration rate is 4mL/min highly
adsorb 94 % of arsenic by iron oxide coated sand. This studied has not been a focus

on the adsorbent regeneration.

Deka and Bhattacharyya (2018) have been conducted the research on the adsorption
process to remove iron in the water. This study has been purchased with the influence
of contact time, pH, initial metal ion concentration, and adsorbent dosage on the rate
of iron removal. The synthetic adsorbate solution in water was prepared from
anhydrous FeCls. It weights about 162.21g to dissolve FeCls in distilled water for
each required ferrous concentration. For contact time about 60 to 120 minutes for
sand and dust/sand, respectively, are examined with the initial concentration of 50

mg/L and normal pH. For the pH effect, during the pH increase to 4, the result was
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successfully demonstrated that 94 and 98 % iron removal sand and dust/sand
adsorbents, respectively. In term of dose concentration, the 1 to 5 g/L has been

investigated because of a large surface area iron adsorbed.
2.6.4. Effect sulfate on adsorption process

Effects of sulfate on As(V) and As(lll) sorption may have derived from different
experimental conditions. Decreased sorption of both As(V) and As(l1l) on hydrous
ferric oxide were reported in the presence of sulfate from pH 4 to 7. In alkalinity
condition, the effect of sulfate has been reduce (Su and Puls, 2001). Moreover, during
concentration of sulfate presence in water increase, arsenic removal decreased due to
the amount of iron precipitated also increase by changing the surface properties of the
ferric oxyhydroxide precipitates. It was competition for adsorption sites with sulfate
onto iron precipitates adsorption (Kong et al., 2017). Moreover, the effect of sulfate
decreases markedly with increasing pH and is slightly more pronounced at the lower
total As(I11) concentration (Wilkie and Hering, 1996). According to Jeong, Fan, et al.
(2007) explained that the As(V) adsorption isotherm curves were hardly affected by
lower concentrations of sulfate, however; the isotherms illustrated moderate
decreasing trends with the higher of sulfate concentrations. The effect of sulfate on
the adsorption of cadmium was determined for different sulfate concentrations and
various ionic strength. The effect of sulfate is to increase cadmium adsorption. This
increase is positively correlated to the sulfate concentration. The effect of sulfate on
heavy adsorption can partly be attributed to changes in electrostatic conditions as
results of sulfate adsorption, and for the other reason, this effect can be explained by
the formation of ternary surface complexes (Hoins, Charlet, and Sticher, 1993).
Therefore, sulfate presence in water has potentially affected to adsorption process on

heavy metals removal.
2.6.5. Summary

This part demonstrates in the summary of the previous researches on heavy metals

removal by adsorption process in different adsorbents iron existing. Table 2.5
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represents the adsorbent types, pollutants, pH operation, adsorption dosages, co

exiting ion and removal efficiency.

Table 2.5. Summary the previous research by using adsorption process

Adsorbent Co-ions Removal
BB FoUEE pH dosage(mg/L) existing efficiency
GAC/Fe®* 95% 98 %
Impregnated | As, Fe, Mn 7 800 and 2400 - and ’99 o
with GAC 0
S0O.%,
Fe Charred As 5t09 | 20000and 40000 | HCOs and 78%
GAP 5
POy
Nano
S04%, NOs',
Impregnated As 7S/ 10 CI- and 85%
iron with 0.2 PO
biochar 4
69%, 78%, 80
0,
Felcu | As(lll, As | )\ PO, SO, 8/2)53 s(azslol/)
nanoparticle V) and COz* A
and 97%
(As(V)
Nano iron ion
enrich As 21013 40 - 97 to 98 %
material
(NIIEM)
Cu, 12.4,
o oxide Zn, 0.6 t0 4.0, 80%. 90%,
0, 0,
coated on Cu, Cd, Pb, 8,9 and 5 each, - and 98%, 99%
sand 10 of H.M.
Ni Cu 011t00.9 complexation
Zn 0.2
Iron oxide
94 %, and
a%%aﬂefcii?f y As 510 7.6 5 t0 20 ;
125 %
sand
Sand and Fe 4 1105 ; 94 and 98 %

Dust/sand




CHAPTER 3
MATERIALS AND METHODS

3.1. Study overview

This section describes an overview of methodology in this study. The first objective
of this research work was to investigate the removal behavior of heavy metals in
synthetic groundwater using the iron oxide coated sand (IOCS) and iron oxide particle
as adsorbents. The adsorbents doses and its equilibrium were obtained from a batch
test in the presence of single and combined heavy metals such as arsenic, iron, and
manganese. After that, to reach the second objective, the effect of initial concentration
of sulfate in groundwater was studied by using optimal adsorption capacity that was
obtained from first experiment. Lastly, the leachability test was studied on both
adsorbents for answering the third objective. The study overview is portrayed in
Figure 3.1.
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Heavy Metals Adsorption in Simulated Groundwater Using Iron Oxide
Particles and Iron Oxide Coated Sand
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Figure 3.1. Framework of study overview of the research study



42

3.2. Experimental set-up

In this research, the experiment carried out in the batch test. The study conducted in 1
L beaker at ambient temperature. The condition of Jar testing was performed at 130
rpm (revolution per minute) agitation until achieved equilibrium (Figure 3.2).

Figure 3.2. Jar test apparatus for batch adsorption experiment

3.3. Materials and equipment
3.3.1. Apparatus

The apparatus employed for adsorption experiment, and equipment’s for analyzing

parameters in synthetic groundwater including:

e Beaker 1 L: was used to contain the sample for an experiment in every batch
test.

e Jar test apparatus: Model of Twister JR D-Series Multi-positions with 6
paddles (6D) will be used for operating in Jar test as a mixing o 130 rpm. The
model dimensions are 235 x 1125 x 400 mm of width, length, and height. The
roller size (L x H) is 75 length x 25 mm axial.

e pH meter: The pH meter model METTLER-TOLEDO was used to measure
the pH and temperature of the solution.

e A scanning electron microscope and energy dispersive X-ray Spectrometer
(SEM-EDS) model (JEOL, JSM-7610F and Oxford, X-MaxN 20): EDS
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function in SEM was used to look at metal composition on the iron-coated
sand, iron oxide particle surface, and on the pure sand surface. The SEM will
be Scanning electron micrograph of iron oxide particles and iron oxide coated
sand at magnifications of 500X and 5000X.

X-ray fluorescence (XRF), model (Rigaku Supermini200): was used to
analyze the chemical composition of adsorbents, detection limit 10 g of
samples.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is
applied to measure the initial and final concentration heavy metals of water
with the detection limit are 5 ng/ L of As, 0.05 ug/ L of Mn and 0.01 mg/ L of
Fe.

Stopwatch: was used to determine the adsorption time for running all
experiments.

Sieve: is used for the sieve analysis to get the sand for the experiment by using
opening size such as 4.750, 2.800, 2.000, 0.710, 0.425, 0.300, 0.150, and
0.075 mm and pan.

Balance was used to weight of amount adsorbents, chemical substances and
waste after adsorption with detection limit at 0.1 mg and maximum at 220 g.
The oven was used to dry the sand and iron oxide particles and iron oxide
coated sand in the process of sieve analysis and coating.

Pipet 10 mL was used for sampling stock for groundwater preparation.
Syringes filters with 0.45 um of membranes was used to take all samples for
analysis.

Multi RS-60 programable rotator was used for leaching test to rotate solution.

Centrifuge tubes 25 mL was taken for keeping samples.

3.3.2. Chemical reagents

All solution in this study was prepared with the chemical reagents which bought from

commercial grade. It used for a stock solution that portrays as follow:

Sodium arsenate dibasic heptahydrate (Na2HAsO4.7H.0) was used to generate

arsenate in groundwater.
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Ferrous chloride tetrahydrate (FeCl..4H,O) was used to generate ferrous in
groundwater as pollutants sources.

Manganese (Il) chloride tetrahydrate (MnCl..4H,O) was generated the
manganese.

Hardness calcium carbonate (CaCl,) was generated the hardness contaminated
in water.

Sodium hydroxide (NaOH) was used to examine the pH in water.
Hydrochloric acid (HCI) was used to generate the pH in water.

Ferric nitrate Fe(NOz)3.9H,O was used to generate the iron oxide coated
particle adsorbent.

Milling cast iron were used to the adsorbent sources to prepare the iron oxide.
Nitric acid (HNO3) was used to preserve samples before ICP-OES analysis.
Sodium sulfate salt (Na.SO4) was prepared for conducting the optimal initial
concentration of sulfate.

Sodium bicarbonate (NaHCOs3) was used as a buffer in groundwater to
maintain pH in water.

Acetic acid (CH3COOH) was examined in the leaching test for making the
acid condition of heavy metals extraction.

Sand was examined the iron oxide coated sand as an adsorbent. Sand bought
from The Concrete Products and Aggregate Co., Ltd. (CPAC) company,
Thailand.
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These chemical reagents and materials are described in Table 3.1 of each part

utilization.

Table 3.1. Chemical reagents and material utilization in the study

Synthetic Groundwater Composition

) Arsenic: Sodium Arsenate
RO: Reverse osmosis water

(Na2HAsO4.7H20)
Iron: (FeCl2.4H,0) Manganese: MnCl2.4H20
Hardness: Calcium cloride (CaCly) Sulfate: Sodium Sulfate salt (Na2SOa)

pH: hydrochloric acid and (HCI) and

Sodium Hydroxide (NaOH) Buffer: Sodium bicarbonate (NaHCO3)

Adsorbents Synthesis

Ferric nitrate: (Fe(NO3)3).9H.0 Cast Iron steel

Analytical method

Nitric acid: (HNO3) Acetic acid: CH3COOH

3.4. Experimental procedures

Overall, the study was conducted by four main parts to achieve the objectives.
Synthesis groundwater contains the As, Fe, Mn, pH, hardness, buffer and sulfate.
Firstly, studying adsorbent dose in term of kinetic and isotherm sorption on heavy
metals removal the single and a combined heavy metal in the batch test. Then,
studying the concentration sulfate presence in groundwater effect to heavy metals
treatability as individual and simultaneous heavy metals with optimal adsorption dose.
Lastly, the leaching test is applied to leach heavy metals on adsorbents after the

treatment process. These experiments were summarized in Figure 3.3.
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Experimental Procedure

Study effect of adsorbent Study effect of time (iron Study effect of sulfate
doses (iron coated sand coated sand particle & on Heavy metal
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= Fe = Fe = Mn

= Mn = Mn = Combined HM

= Combined HM = Combined HM

Study leaching test of
the adsorbents

= Two adsorbents

Figure 3.3. The overall framework of experimental procedures
3.4.1. Groundwater synthesis

The feed solution is the results of mixing a concentrated solution of arsenic, iron and

manganese with reverse osmosis (RO) water for the batch test.

e Arsenic

Basically, the concentration arsenic was the case study presented as the total inorganic
arsenic concentration. It was approximately 500 ug/L. So, the synthesis of arsenic
species for the study was decided to choose arsenate as a presence of arsenic
pollutants in groundwater. Its solution of chemical was prepared by 500 pg/L by
dissolving NaoHAsO4.7H,O of 2.08 mg in deionized water solution with 2% nitric
acid to 1 L of RO water.

e lron

Ferrous chloride heptahydrate (FeCl..4H.O) was used as the source of iron in

synthetic. The concentration of ferrous containing in the groundwater was set at 10
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mg/L of Fe (II). It was generated from FeCl2.4H>O about 35.53 mg by dissolving in

deionized water in 1 liter.

e Manganese

At the concentration of 15 mg Mn/L in synthetic groundwater was prepared by
dissolving manganese (1) chloride tetrahydrate (MnCl2.4H20) in RO water. To obtain
the desired concentration, 0.053 g of (MnCl2.4H20) was dissolved in 1 L of RO water

and dilute to desired concentration of Mn.

e Hardness

Calcium chloride (CaCly) was examined to make the hardness presence in
groundwater. Basically, the amount of the hardness contaminated in groundwater 320
mg of CaCOs/L was synthesis 355 mg of CaCl; to the RO water.

opH

Based on groundwater quality assessment, pH ranges from 7 to 8. Therefore, in this
study focused on pH about 8 £ 0.5 as the maximum pH in groundwater. Sodium
hydroxide and hydrochloric acid was employed to adjust the solution pH. The 1 M of
NaOH and 1 M of HCI are adjusted into the RO water to synthesize groundwater as a
function of pH about 8 + 0.5.

e Buffer
Sodium bicarbonate (NaHCO3) of 0.5 M was used as a buffer to maintain pH of water
in range of 8.0 £ 0.5.

e Sulfate ion
Sodium Sulfate Salt (Na;SOs) was prepared for conducting the optimal initial
concentration of SO4>. The concentration of sulfate ion content from 50, 100, 150

mg/L were synthesized by 73.96 mg/L, 147.91, and 221.88 mg, respectively of
Na2SO;4 dissolved in 1 liter of RO water.
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3.4.2. Adsorbents preparation

This part focuses on the methods to synthetic both adsorbents including iron oxide
particles and iron oxide coated sand. Raw sand was chosen by using sieve analysis
following the ASTM standard method analysis shaker in 15 minutes. Before analysis,
sand was dried at 105 °C in 24 hr. After that, dry sand particles about 459.94 g were
analyzed at department of Mining and Petroleum Engineering, Chulalongkorn
University. Likely IOP, sand was sieve in the same sieve number includes 4, 10, 25,
40, 50, 100, 200 and pan, opening size are 4.750, 2.800, 2.000, 0.710, 0.425, 0.300,
0.150, and 0.075 mm, respectively.

a.  lron oxide particles

Iron oxide particles were obtained from milling cast iron to be small particles at a
Mechanical Shop at the Department of Mechanical Engineering, Chulalongkorn
University (Janjaroen et al., 2018). Then, sieve analysis was used to get size
distribution of iron oxide particle. After that, the chemical components, and
morphology at difference magnification X500 and X5000 of iron oxide particle was
characterized by XRF model (Rigaku Supermini200), and SEM-EDS model (JEOL,
JSM-7610F and Oxford, X-MaxN 20) instrument after this adsorbent was generated.

b. Iron oxide coated sand

Iron oxide coated sand was prepared using the procedure following describes. Firstly,
raw sand was washed by acid washed pH of 1 by 0.1 M of HCI in 24 hr, rinsed with
RO water and dried in oven at 105 °C to removed heavy metals contaminated on
sand. After cleaning, 200 g dried sand was coated by mixing in 2 min with 80 mL of a
2 M (Fe (NOz3)3)9H20 in order to coated chemical solution on the surface of sand,
then dropped 1 mL of 10 M of NaOH into solution and pH of solution is about 2
(Thirunavukkarasu et al., 2003). Then, the mixture was then dried at 110 °C in an
oven for 14 hr to volatile HNOs from adsorbent from Fe(NOz)s solution (Benjamin et
al., 1996). The coated sand was washed with distilled water until the runoff was clear,
dried at 105 °C and store in capped bottles (V. Gupta et al., 2005). To make sure

about the iron oxide possible coated on sand as uniform, SEM-EDS model (JEOL,
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JSM-7610F and Oxford, X-MaxN 20) was examined the surface morphology of iron
oxide coated on the sand. About 10 g of adsorbent chemical composition of iron oxide
was characterized by XRF model (Rigaku Supermini200). Again, mass of iron oxide
on IOCS was obtained by XRF.

3.4.3. Batch adsorption experiment

Adsorption capacities is one of the adsorption parameters that plays an important role
for heavy metals removal. In order to understand the adsorption capacities of IOP and
IOCS addition heavy metals adsorption, the concentration of heavy metals at 10, 20,
30, 40, 50, 60 min were after IOP and IOCS analyzed. Then, the kinetic and isotherm
adsorption were determined. The testing conditions were set at pH of 8 £ 0.5 and 130
rpm jar test agitation for 1 hr to achieve equilibrium in 1 L beaker. The purpose of this
experiment was to determine the optimal adsorbent doses and times for effective
treatment of heavy metals. In this study, the effect of sulfate in water was also
investigated with the presence of calcium hardness in synthetic groundwater. After
sulfate anion at different amount was supplemented to illustrate this effect. The
overall batch experiment procedure is described in Figure 3.4Error! Reference

source not found..
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Batch Experiment
|

Iron oxide particles/ Iron oxide coated

sand

Combination
Heavy Metals

T s o w—

Combination
Heavy Metals

Figure 3.4. The framework of the batch experimental study

a.  Study the adsorbent doses and contact times in heavy metals removal

The main purpose of this experiment was investigated the optimal condition of
adsorbents doses iron oxide particle and iron coated sand particle for each initial
concentration of these heavy metal’s removal. In this experiment, the primarily study
by using synthetic groundwater was contained with the hardness and buffer. The steps

experiment was followed by:

» Put 1 L of synthesis groundwater into the 1 L of beakers, there have 4 types of
synthesis in this experiment which hardness 320 mg of calcium carbonate/L,
and buffer maintaining pH 8 £ 0.5 with

e The initial concentration of arsenic 500 pg/L

e The initial concentration of ferrous 10 mg/L

e The initial concentration of manganese 15 mg/L

e The simultaneous initial concentration of the heavy metals (500 ug/L,

10mg/L, 15 mg/L) of arsenic, ferrous, and manganese, respectively.
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» Weight the adsorbents doses vary from 4, 8, 12, 16, 20 and 24 mg of both
adsorbents.

Then, it was shaken on a rotary shaker at 130 rpm of 1 hr by jar test.

The experiment was employed 1 hr of equilibration, initial pH is 8 £ 0.5.

The final concentration was sampled after every 10 minutes of the rotary.

YV V V V

10 mL samples were filtered by a 0.45 um syringe membrane filter prior the
fixation by 2% nitric acid. The concentrations of heavy metals in each sample
were analyzed by an ICP-OES.

» Finally, the adsorbent doses optimal appropriate and equilibrium with those
initial concentration of heavy metals removal efficiency were obtained to

answer first objective of this study based on removal efficiency.

The framework of the experiment study, and the fixed, controlled, and responded

parameters were illustrated in Figure 3.5.

Synthesis Measure the initial Vary adsorbents
groundwater based concentration of each doses 4, 8, 12, 16, 20
on heavy metals, heavy metal, Hardness, and 24 mg/L of each
hardness, buffer and buffer adsorbents
Ostiillnn;llle Measure the final concentration of
p the heavy metals after 10 minutes
adsorbents dose « T
: and at equilibrium to get final
and time for g »
concentration of each heavy metals
heavy metals
removal

Figure 3.5. Flowchart of study on adsorbents dosages and contact times

The optimal adsorbents dose and times were determined using the parameters
described in Table 3.2.



Table 3.2. Study parameters on adsorbents dosages and contact times
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Parameters

Name or Value

e Fixed parameter

Experimental condition (Batch / Cont.)

Batch experiment

Reactor 1L
Synthetic groundwater (hardness,
Liquid phase buffer)
As 500 ng/L
Fe 10 mg/L
Mn 15 mg/L
pH 8+0.5
Temperature 30+ 2°C
Equilibrium time 1hr
Jar test 130 rpm

e Studied parameter

Adsorbent doses

4,8, 12, 16, 20 and 24 mg

e Responded parameter

Directly measured parameter

The final concentration of heavy

metals after 10 min

Analytical parameter

% Removal
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b.  Study the effect of concentration sulfate in groundwater

The essential point of this experiment part was investigated the effect of initial
concentration sulfate to the individual and simultaneous of heavy metals removals
efficiency in batch test. In literature, the maximum of initial concentration of sulfate is
176 mg/L is consisted in groundwater sources. Hence, this study will be conducted by
varied sulfate containing in specifically range from 50, 100, 150 mg/L. The steps of

experiment was followed by:

» Put 1 L of synthesis groundwater into the 1 L of beakers. There have 4 types
of synthesis in this experiment which hardness 320 mg CaCOs/ L, and buffer
maintaining the pH 8 = 0.5.

e The initial concentration of As (500 pg/L)

e The initial concentration of Fe (10 mg/L)

e The initial concentration of Mn (15 mg/L)

e The simultaneous initial concentration of the heavy metals (500
ug/L,10 mg/L,15 mg/L) of arsenic, ferrous, and manganese,
respectively.

» Put the concentration of sulfate content from 50, 100, 150 mg/L in the
synthesis groundwater.

» Put the optimal adsorbents dose concentration in the previous experiment to 1
L of the backer.

» Then, it was shaken on a rotary shaker at 130 rpm of 1 hr by jar test.

» The final concentration was sampled after every 10 min of the rotary.

» Then sample was filtered by membraned filter 0.45 um and maintain with 2%
HNO:3.

» Plot the effect of sulfate with heavy metals removal efficiency. It was become

the outcomes to obtain the second main objective of this study.

The flowchart of this experiment is shown in Figure 3.6.
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Synthetic
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metals, hardness,

Use the optimal
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mg/L
At o
concentration of the —— .
S— sulfate in heavy
metals removal

Figure 3.6.Flowchart study effect of sulfate on heavy metals removal

To conduct of the above experiments, the parameters were considered as fixed and

responded is shown in Table 3.3.



55

Table 3.3. Parameters for study effect of sulfate in the study

Parameters

Name or Value

e Fixed parameter

Experimental condition

Batch experiment

Reactor 1L

Liquid phase Synthetic groundwater
As 500 ug/L

Fe 10 mg/L

Mn 15 mg/L

Adsorbent dose selected

The optimal dose

Jar test

pH 8+0.5
Equilibrium time 1hr
130 rpm

e Studied parameter

Initial sulfate

50, 100, 150 mg/L

e Responded parameters

Directly measured parameter

The final con. of heavy metals after 10

min

Analytical parameter

% removal
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3.4.4. Leaching test

This main purpose of this experiment was examined the possibility of heavy metals
leaching from adsorbents. Moreover, this test was followed by batch leaching method
namely as Toxicity Characteristic Leaching Procedure (TCLP) (EPAmethod1311,
1992). TCLP required an extraction fluid made of buffered acidic medium to run the
test and a direct acid digestion method to carry out for heavy metals determination.
The concentration of heavy metals will be answered to third objective of this study.
The leaching test using the TCLP method wass described as:

» First, adjust pH of buffer acetic acid to obtain pH 2.88 + 0.05 of solution by
adding 5.7 mL of acetic acid (CHsCOOH) to 1 L of RO water.

» Then, extract heavy metals from the adsorbents with acetic acid at the
solid/liquid ratio of 1: 21 (g: mL).

» The suspension contains the heavy metals loaded solid was shaken by rotating
at 30 rpm for 18 hr by Multi RS-60 programable rotator.

» After agitation, an aliquot was filtered by micro auto-pipet.

» Heavy metals concentration was analyzed by ICP-OES.
3.5. Analytical methods
3.5.1. Removal efficiency

The removal efficiency was illustrated by the proportion between the initial and final
concentration of heavy metals concentration in the synthetic groundwater in Equation
3.1. The arsenic, iron, and manganese removal efficiency (%R) can be determined by
the Equation 3.1, where C; and Cs are the initial and along the time or final

concentration of heavy metals concentration (mg/L), respectively.

C -C
%R = Ic £ %100 Eq.3.1

i
3.5.2. Heavy metals concentration

Analytical methods for determination heavy metals concentration of influence and

effluence samples were analyzed by an inductively coupled plasma optical emission
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spectroscopy (ICP-OES) techniques. In this study, ICP-OES was used to measure the
concentration of heavy metals, followed the standard method. Detection limit are 5
ug/ L of As, 0.05 ug/ L of Mn and 0.01 mg/ L of Fe.

3.5.3. Adsorption models

To study the kinetic this research was used the well-known kinetic models such as
pseudo first-order and pseudo second-order model. In addition, in order to investigate
mechanisms of heavy metals adsorption on IOP and 10CS, Langmuir and Freundlich
models were carried out the adsorption isotherm in this study. These popular models

were described in the literatures review part and summarized again in Table 3.4

Table 3.4. Summary of adsorption kinetic and isotherm model equations

Models Equations
. . \Y
Adsorption capacity gt = M(CO—C'{)
. _— k,
Pseudo first-order kinetic model log(ge—qt) =logq, —
2.303
Pseud d-order Kkineti del R
seudo second-order kinetic mode PRI
. QKC ol _1 1
Q= ==
Langmuir isotherm model 1+K.C, 0 Q,  QK.C.
- 1
Freundlich isotherm model q. = K;Cl, or logg, =logK, +=logC,
n

Where Kj is the pseudo-first order rate constant (1/min), k» is the pseudo-second order
rate constant (mgFe-Oz/mg.min), gt is the number of heavy metals adsorbed at time t
(min), Kr and K. are Freundlich and Langmuir constants, respectively, ge is the

uptake at equilibrium (mg/mgFe20s), Ce is the equilibrium concentration (mg/L), go
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is the initial adsorption capacity (mg/mgFe.Os), and 1/n is the heterogeneity

coefficient.

3.5.4. Summary experiments

All amount of experiments conducted in this study was summarized in Table 3.5

which was represents with types of metals reduction, adsorbents types and amount of

experiment. The total experiments in this research were about 86 experiments without

including the adsorbents preparation test.

Table 3.5. Summary the number of experiments in the study

Test type Description Heavy Types of test | Amount of
metals experiment
-Sieve
Iron oxide particle, Iron \ analysis,
Adsorbents oxide coated sand SEM-EDS, 6
XRF
As,Fe,Mn IOCS,I0P 12
Study adsorbent dose As I0CS, IOP 12
and contact time
Fe I0CS,IOP 12
Mn I0CS,IOP 12
Batch test
As,Fe,Mn I0CS,IOP 6
Study effect of anion As I0CS,I0P 6
sulfate in groundwater
Fe I0CS,IOP 6
Mn I0CS,I0P 6
Leaching Leaching test As,Fe,Mn IOCS,I0P 8

test
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CHAPTER 4
RESULTS AND DISCUSSION

This section describes about the results and discussion that responding to the three
main objectives of this study. The section was divided into four main results parts
including (1) adsorbents synthesis, (2) effect of adsorbents dosage and contact times,
(3) effect of sulfate on heavy metals adsorption, and (4) leaching adsorbents results.

For more detail each part has sub-result and discussion such as

= Synthetic adsorbents

e For adsorbent generation: Sieve analysis, Surface morphology by SEM-
EDS analysis, Chemical composition by X-Ray Fluorescence (XRF)
analysis.

= Effect of adsorbents dosages and times

e Adsorbent dosages and contact times of heavy metals removal efficiency
e Kinetic models: Pseudo first-order and pseudo second-order

e |sotherm models: Langmuir and Freundlich models

= Effect of sulfate on heavy metals adsorption,

e Effect of sulfate on single and combined heavy metals by varied 0, 50, 100
and 150 mg/L of SO4*.
= Leaching test for IOP and IOCS.
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4.1. Study physical and chemical composition of adsorbents
4.1.1. Size distribution of adsorbents
a. lIron oxide particles

Oven-dried iron oxide particles and sand particles weighed about 504.6 g and 459.94
g, respectively. The data has been shown in Table 4.1. To understand about the grade
of iron oxide particles distribution, uniformity coefficient (Cy) and cavitation
coefficient (Cc) were applied by using the following Equation 4.1 and 4.2 as described
in (ASTM, 2017). Size distribution of iron oxide particles is 0.20 mm in effective
size diameter, 0.850 mm in mean diameter, 0.550 mm of 30% in passing diameter,
and 1 mm of 60 % of passing dimeter (Figure 4.1). As a result, the coefficient of
uniformity and cavitation of iron particles is 5 and 1.512, respectively. Based on
ASTM (2017), the classification of sand aggregates was divided into two groups
including well graded sand and poorly graded sand. The division of grades depends
on Cy and Cc as (well graded sand is Cy> 6 and 1 < C.> 3) and (poorly graded sand
Cu<6 and 1<Cc<3). Therefore, the iron oxide particles after milling is expressed in

poorly graded.

Table 4.1Size distribution of Iron Oxide Particles

Total dry weight of iron oxide particle 506 g

Sieve N° Opening Weight Percent ~ Cumulative % Percent
size(mm) Sample Retained Retained Passing
Retained (g)
4 4.750 0.000 0.000 0 100
7 2.800 0.765 0.152 0.15 99.85
10 2.000 2.888 0.572 0.72 99.28
25 0.710 292.300 57.924 58.65 41.35
40 0.425 113.200 22.432 81.08 18.92
50 0.300 27.695 5.488 86.57 13.43
100 0.150 30.688 6.081 92.65 7.35
200 0.075 24.510 4.857 97.51 2.49

Pan 12.592 2.495 100.00 0.00
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D
Cc,=—2 Eq. 4.1
DlO
2
C. . Eq. 4.2
DlO & D60

Where, Cy is uniformity coefficient, C. is cavitation coefficient, Dio is IOP or IOCS
dimeter passing 10% of passing (mm), Dzo is IOP or IOCS dimeter passing 30% of
passing (mm), Dso is IOP or I0CS dimeter passing 50% of passing (mm), Deo is IOP
or I0CS dimeter passing 60% of passing (mm).
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Figure 4.1 Iron oxide particles size distribution by sieve analysis

b. Iron oxide coated sand

Dried-sand particles weighed about 459.94 g. Then it was used for coated process
directly. The weight of dried sand retained on sieve as well as 0, 4.040, 385.70,
69.270, 0.213, 0.153, 0.140, 0.104 and 0.231 g, respectively. The data calculated and
showed in Table 4.2. Size distribution curve demonstrated the steepest, so the mean,
effective, 60 and 30 percent passing diameters as 2.30 mm, 1.5 mm, 2.45 mm and
1.5mm, respectively (Figure 4.2). Uniformity and cavitation coefficient values
obtained 1.63 and 1.22, respectively. Hence, these coefficient values indicated the
uniformity grade because Cu is lower than 5. The uniformity values explained that the

particles mass consists of identical sizes of the particles (Viswanadham, 2015).



Table 4.2. Size distribution of iron oxide coated sand
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Total dry weight of IOCS 459.94 g

Sieve N°  Opening size Weight Percent ~ Cumulative %  Percent
size (mm) sample retained retained passing
retained (Q)
4 4.750 0 0 0 100
7 2.800 4.040 0.878 0.88 99.12
10 2.000 385.700 83.875 84.75 15.25
25 0.710 69.270 15.063 99.82 0.18
40 0.425 0.213 0.046 99.86 0.14
50 0.300 0.153 0.033 99.90 0.10
100 0.150 0.140 0.030 99.93 0.07
200 0.075 0.104 0.022 99.95 0.05
Pan 0.231 0.050 100.00 0.00
100 - m)
90 - 1
80 -
70 -
< 60 -
(@]
< 50
&
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Figure 4.2 Iron oxide coated sand size distribution by sieve analysis

Therefore, the diameter of both IOP and IOCS was selected the ranges from 0.7 to 2

mm for adsorption process based on the mean diameters for make sure the same

ranges of diameter size’s between IOP and IOCS.
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4.1.2. Scanning Electron Microscopy-EDS analysis

The surface morphology and chemical composition on surface of both adsorbents
have been found by scanning through SEM-EDS at 500 and 5000 magnification. First,
the color of IOP and I0CS was black and dark red, respectively. For SEM analysis,
the result has shown the shape of IOP are rough and amorphous on surface layer. This
structure information was enhanced the effective site adsorption mechanism with
heavy metals contaminated in water (Crittenden et al., 2012). Figure 4.3 shows that
surface layer of sand is a plate layer and has a small surface area. For IOCS, surface
layer become like circle. It explained that surface layer increased with iron coating.
For IOP, high Fe was presented the surface about 55.28% of weight and O about 2.1%
Fe is the composition at 60.67%. The photograph of IOCS from EDS scanned showed
that Fe and O are the main chemical elements with 33.17% and 39.64% by weight,
respectively (Figure 4.4). However, Fe was the lowest compound on raw sand. Hence,

it concluded that Fe>O3 was coated on surface of sand successfully.
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Figure 4.3 Scanning electron micrographs of a) Iron oxide particles, b) Sand, c) Iron
oxide coated sand at500 and 5000X
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Figure 4.4 Elements composition on surface layer of a, b) Iron oxide particles scanned
by EDS at 500 and 5000X, c, d) Sand scanned by EDS at 500 and 5000X and e, f)
Iron oxide coated sand scanned by EDS at 500 and 5000 X



66

4.1.3. X-Ray Fluorescence analysis

Table 4.3 shows chemical composition on I0OP and IOCS. For IOP results, Ferric
oxide Fe,O3 was the main compound around 95.7% by mass, while SiO2 and MnO
constituent only 2.62% and 0.40% by mass, respectively. After coated, chemical
compound presented on Iron oxide coated sand such as Fe>Oz was occurred about
1.87 % by mass that Fe,Oz composition on the sand is 0.778 %. It means Fe;Os
consisted approximately 0.187 g of IOCS. Hence, it was evident with EDS results that
IOCS was coated successfully on sand surface.

Table 4.3 Chemical composition on IOP and 10CS by using X-Ray Fluorescence

Iron Oxide Particles | Iron Oxide Coated Sand Sand
(10P) (10Cs)

Chemical E;rﬁgg Chemical Percent by Chemical | Percent by

Components (%) Components | mass (%) | Components | mass (%)
Fe20s 95.700 Na.O 0.338 SiO, 89.9
SiO2 2.6200 MgO 0.035 AlLO3 5.28
MnO 0.401 Al203 4.304 K20 3.03
CuO 0.224 SiO2 90.019 Feo0s3 0.778
SO3 0.216 Cl 0.018 Na,O 0.437
Cr203 0.214 K20 2.646 CaO 0.229
K20 0.179 Fe20s 1.874 MgO 0.131
P20s 0.147 C0203 0.156 TiO; 0.084
Al203 0.108 Rb20 0.016 P20s 0.035
NiO 0.073 SrO 0.008 BaO 0.032
Na2O 0.035 ZrOz 0.007 Rb20 0.017
MnO3 0.030 WOs3 0.573 SOs3 0.014
Cl 0.015 RS1100 0.100 MnO 0.011
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4.2. Effect of adsorbents dosages and times heavy metals adsorption

Responding to the first objective is to understand adsorption of heavy metals in
synthetic groundwater, this part described about effect of adsorbents dosages on
heavy metals removal by varied the adsorbent ranging from 4, 8, 12, 16, 20, and 24
mg/L of iron oxide particles (IOP) and iron oxide coated sand (IOCS) in 1hr. Based
on (Babaee et al., 2018) found that 1 hr could reach equilibrium of adsorbate on
adsorbent in small amount of adsorbents, so this study considered 1 hr as equilibrium.
The initial concentration of 15 mg/L of Mn, 500 ug/L of As and 10 mg/L of Fe were
prepared for adsorption process. This part divided into two main parts starting with
single Mn, As, Fe and a combined heavy metal of IOP and IOCS. Removal efficiency

of heavy metals was calculated from Equation 4.3.

Ci_ f
%R = = %100 Eq. 4.3

Where R is removal efficiency (%), Ci and Cs are the initial and final concentration of

heavy metals concentration (mg/L), respectively.
4.2.1. Effect of IOP dosages on heavy metals removal
a. Single heavy metals adsorption

Figure. 4.5 represents relationship between different IOP dosage with removal
efficiency of heavy metals in. The maximum removal efficiencies of Mn, As and Fe
started to 44.4, 31, 97.4 % by using IOP dosages 12, 12, and 20 mg/L, respectively
(Figure 4.5). However, Mn removal efficiency started to decline from 44.4 % to
10.3% at 16 mg of IOP and continued to raise up to 26.8% and 36.7% at 20 and 24
mg/L of 10P, respectively. These results showed that IOP was adsorbed the lowest as
0.7% at 4 mg/L of I0P and highest as 44.4% at 12 mg/L of IOP. Like Mn results, As
removal efficiency initially increased from 2.5% to 31% when adding more 10P from
4 to 12 mg/L. However, it decreased significantly from 31% to 8.7% at 16 mg of IOP.
Concentration of Fe present in 10 mg/L in water was decreased higher than Mn and
As shown in Figure 4.5. The results expressed the higher removal efficiency of Fe

were around 80 % to 97% within varying 10P dosage mentioned above. The result
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was fluctuated when increasing IOP doses. At 4 mg/L of 0P, Fe was removed about
97.1% and became stable around 8 to 16 mg/L above 90% removal efficiency.
Moreover, the maximum Fe removal efficiency was 97.4% at 20 mg/L of IOP. 20
mg/L was chosen as an optimal dosage for Fe removal. Similar to previous research
which Fe removal is higher than Mn removal by using mordenite as adsorbent to
remove Mn and Fe with initial concentration 1.66 and 0.492 mg/L, respectively (Zevi
et al., 2018). It is apparent that the percent removal of heavy metals increases rapidly
with increase in the dose of the adsorbents due to the greater availability of the
exchangeable sites or surface area. Moreover, the percentage of metal ion adsorption
on adsorbent is determined by the adsorption capacity of the adsorbent for various

metal ions (Meena et al., 2005).
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Figure 4.5 Removal efficiency of single heavy metals (Mn, As, and Fe) at 1 hr, pH
about 8 =+ 0.5 and temperature 30 = 2 °C

a. Combined heavy metals adsorption

The combined heavy metals removal efficiency related with difference IOP dosages
as previous ranges is shown in Figure 4.6. The highest removal efficiency of
combined heavy metals (Mn, As and Fe) was approximately 29, 97 and 92 %,
respectively by using 16 mg/L of IOP. The removal of Mn decreased from 26% to 5
% at 4 and 12 mg/L of 10P, respectively. But it started to increase to 29 % at 16 mg/L
of 1OP then continuously declined to about 5% removal at 24 mg/L of I0P. This
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results increasement is caused by co-precipitation arsenic occurred with iron in water
(V. Gupta et al., 2005). In pH around 8 + 0.5, Fe was oxidized to be agglomeration of
iron from chemical reaction followed Equation from 4.4 to 4.10. Moreover, As
removed about 100% by the Fe/As ratio approximately 12 (Meng et al., 2001).
Therefore, 16 mg/L of IOP was selected to be optimal dosages in combined heavy

metals removal by Mn removal as a baseline.

Fe?* + 2H20 <> Fe(OH), + 2H* Eq. 4.4

2H* +20H" — 2H,0 Eq. 4.5
Fe?*+20H — Fe(OH): Eq. 4.6

Fe(OH)2 +H,0 <> Fe(OH); +H" + le Eq. 4.7

H* +OH — H,O Eq. 4.8

Fe(OH)2; +OH — Fe(OH)z + le Eq. 4.9
3H3AsO; + 3Fe(OH)3z —> Fes(AsO4)s + 9H,20 Eqg. 4.10

Comparing removal efficiency of single heavy metals and combined heavy metals, the
results showed the removal of single As is lower than combined As due to co-

precipitation of As and Fe occurred. Only single Fe removal were like combined Fe.
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Figure 4.6 Removal efficiency of combined heavy metals (Mn, As, and Fe) at 1 hr,
pH about 8 £ 0.5 and temperature 30 = 2 °C
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4.2.2. Effect of IOCS dosages on heavy metals removal
a. Single heavy metals

In this part, normalized mass of 10CS is used to obtain the mass of Fe>O3z as mass of
IOCS. Hence, amount of adsorbent dosages was ranged from 4, 8, 12, 16, 20 and 24
mg/L of FexOs. After 1 hr as equilibrium, removal efficiency of individual Mn, As
and Fe was represented with IOCS dosages from 0.4 to 2.4 mg/L of Fe;O3 (Figure
4.7). Regarding the Figure 4.7, the maximum of single heavy metal Mn, As and Fe
removal efficiency are 13, 6, 99 % by using 0.8, 1.2, 0.8 mg/L of IOCS, respectively.
As a result, removal efficiency of Mn provided about 7.04% and 13.18% as maximum
of removal efficiency by using 0.4 and 0.8 mg/L of IOCS, even though, increasing
dosages from 1.2 to 2.4 mg/L, there has no increasing removal efficiency almost
lower than 5%. For As removal, the maximum removal efficiency was approximately
6 % at 1.2 mg/L of 10CS. Better than Mn and As, single heavy metal removal of Fe
increased from 93.76 % to about 99 % removal at 0.4 to 0.8 mg/L of IOCS. Then, the
Fe removal efficiency was stable 99% of Fe removal at 0.8 to 2.4 mg/L of 10CS.
Therefore, optimal IOCS dosages for single of Mn, As and Fe include 0.8, 1.2 and 0.8
mg/L of IOCS, respectively.
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Figure 4.7 Removal efficiency of single heavy metals (Mn, As, and Fe) at 1 hr, pH
about 8 = 0.5 and temperature 30 = 2 °C

b. Combined heavy metals

Figure 4.8 represents the effect of I0CS dosages on combined heavy metals
adsorption efficiency. Removal efficiency of all heavy metals increased comparing to
their single solutes heavy metal adsorption. As a result, the highest removal efficiency
of Mn, As and Fe was found to be 27, 99 and 100 % by 1.2 mg/L of IOCS,
respectively. Firstly, Mn removal efficiency remained statically constant (around 27%
removal) between 0.4 and 2.4 mg/L of I0CS. As removal efficiency increased higher
than single As to about 99 % of removal efficiency. Initial concentration of As about
500 pg/L was reduced since using 0.4 mg/L of I0OCS, then its removal efficiency were
constant from 0.8 to 2.4 mg/L at approximately 99 % of removal. Moreover, Fe were
removed about 99.9% by using only 0.8 mg/L of 10CS. The results were similarly to
combined of heavy metals by using IOP except for Mn. As a baseline of Mn removal,

this part found the optimal IOCS dosages is 1.2 mg/L for combined heavy metals.
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Comparing removal efficiency of single heavy metals and combined heavy metals, the
results showed the removal of single Mn, As was less than combined Mn, As. Only

single Fe removal was as high as combined heavy metals Fe.
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Figure 4.8 Removal efficiency of combined heavy metals (Mn, As, and Fe) atl hr, pH
about 8 + 0.5 and temperature 30 + 2 °C

4.3. Determination of adsorption equilibrium

Equilibrium is one of the adsorption parameters that plays an important role for heavy
metals isotherm adsorption. In order to determine the equilibrium point on heavy
metals adsorption, the results were obtained by sampling along the times from 10 to
60 min. The results of equilibrium were varied all value range of I0P and I0CS
dosages such as 4, 8, 12, 16, 20 and 24 mg/L. However, this part explained only the

best optimal dosages.

4.3.1. Equilibrium on heavy metals removal by 10OP
This part was explained the effect of time from 10 to 60 min using IOP. The optimal
dosage of IOP were 12, 12, 20 and 16 mg/L for single metals Mn, As,

a. Single heavy metals

The removal of single heavy metals Mn, As and Fe related with time using different
IOP dosages were illustrated in Figure 4.9. The removal Mn rapidly increased from 0

to 46.01% during 0 to 20 min and then remained constant at 12 mg IOP. Therefore,
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Mn concentration reached its equilibrium after 20 min. Moreover, according to As
removal graph (Figure 4.9b), As removal was approximately 31% during 60 min.
However, a small increase of As removal was from approximately 28 to 31 %
between times of 30 and 60 min. This implied that the removal efficiency of As on
IOP reached equilibrium at 30 min. This result was similar to the reported by Babaee
et al. (2018) that As adsorption by Fe/Cu nanoparticles was occurred between 15 and
30 min. Lastly, the removal efficiency of Fe by IOP was about 99 % during 10 min;
however, it decreased to 97% at 60 min. The order of effect of contact time about 10
min to single heavy metals adsorption provided by removal efficiency, the results
consequently shown that 99 % of Fe removal > 46% of Mn removal > 21 % of As
removal. The reduction of heavy metals concentration was gradually faster due to
adsorbent has available active site during the short contact time (Abuh et al., 2013;
Kitkaew et al., 2018).
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Figure 4.9 Removal efficiency at equilibrium on single heavy metals removal by IOP

a) Mn, b) Asandc) FeatpH=8+0.5at 1 hr
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b. Combined heavy metals

The removal efficiency of combined heavy metals related with time using different
IOP dosages were exhibited in Figure 4.10. The removal of Mn is increased from 0 to
34 % during 10 min. Mn removal reached equilibrium in 10 min. However, As
adsorbed faster than As single adsorption within 10 min. Based on figure 4.10 b. As
removal increased rapidly from 0 to 98 % in 10 min of contact time. Similar to single
Fe adsorption, Fe removal efficiency highly increased from 0 to 99% at 10 min
contact time. The order of highest to lowest removal efficiency was 99 %of Fe > 98%
of As > 34% of Mn removal. To sum up, Fe adsorbed faster than As and Mn in
combined heavy metals. In the same aqueous solution, this may relate to adsorbates
characteristics in terms of electronegativity and ionic radius (bin Jusoh et al., 2005).
The electronegativity of As, Fe is higher than the Mn which are 2.1 1.8 and 1.5
respectively. In fact, electronegativity is a evaluate the strength for chemical elements
to attract electron. In this case, it would measure the strength of Fe, As and Mn

attached to negative charge on surface of 10P.
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4.3.2. Equilibrium on heavy metals adsorption by I0CS

The determination of equilibrium was chosen only the best IOCS dosages for heavy
metals adsorption including 0.8, 1.2, 0.8 and 1.2 mg/L for single of Mn, As, Fe and
combined heavy metals, respectively. This part was divided into two sub-parts as
single and combined heavy metals.

a. Single heavy metals

The removal efficiency at equilibrium of single heavy metals related with time were
illustrated in Figure 4.11. All single heavy metals achieved equilibrium at 10 min.
Removal of Mn were increased from 0 to approximately 16% during the first 10 min
of time. For As, the increasing of As removal changed slightly from 0 to about 5% in
10 min. However, the removal of Fe increased faster with removal efficiency about
99%. By comparing the capacities of removal with 10 min, the results suggested that
Fe removal was highest at 99% and As was the lowest at 5%. Fe adsorbed faster than
Mn and As in 10 min of time.
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Figure 4.11 Removal efficiency at equilibrium on single heavy metals removal by
IOCSa) Mn,b) Asandc) FeatpH=8+0.5at 1 hr
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b. Combined heavy metals

The removal efficiency at equilibrium on combined heavy metals removal using
different IOCS dosages were represented in Figure 4.12 4.12. All heavy metals in
combined condition reached equilibrium in 10 min of times. Moreover, the results
showed that Mn removal increased from 0 to approximately 30 % during 10 min. As a
result, As was removed faster in 10 min adsorption by the steep slope from graph.
Hence, As was adsorbed well in 10 min of equilibrium with 99 % removal. Lastly, the
removal of Fe raised from 0 to 99 % in 10 min. Therefore, the order of effect contact
time in 10 min adsorption removal ranged by 99% of Fe > 99 %As > 30% of Mn

removal.
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4.4. Effect of adsorbent capacities on heavy metals adsorption

The results of adsorption capacities of IOP and IOCS were varied all value ranges of
IOP and I0CS dosages. Hence, the adsorption capacities of IOP or IOCS were
calculated by Equation 4.11.

V
qe =M(Co—ct) Eq. 4.11

Where qt is adsorption capacity of I0P or IOCS adsorbed heavy metals along the
times (mg/mg Fe203), Co is the initial concentration of every metals (mg/L), Ctis is
the initial concentration of every metals along the times (mg/L), V is the volume of

water (L), and M is mass of Fe2Os containing on IOP or IOCS (mg).
4.4.1. Effect of adsorption capacities on heavy metals removal by IOP

This part demonstrated about adsorption capacity of IOP on heavy metals Mn, As and
Fe from 10 to 60 min as time adsorption interval. The results were selected only the
optimal dosages to present in this case including 12, 12, 20, 16 mg/L of 10P for single
heavy metal Mn, As, Fe and combined heavy metals, respectively.

a.  Single heavy metals

Equilibrium concentration and adsorption capacity of each heavy metals were
exhibited in Figure 4.13. The results showed that maximum of adsorption capacities
of single Mn, As and Fe on IOP were 0.586, 0.011 and 0.494 mg/mgFe20s at different
contact time 20, 30 and 10 min, respectively. In detail, adsorption capacity of Mn on
IOP gradually increased from 0.47 to 0.58 mg/mgFe.Os corresponding to
concentration of Mn are 9.58mg/L to 8.26 mg/L during 10 to 20 min. Then, it stopped
rising by reaching equilibrium as mentioned in section above. In addition, As was
adsorbed by IOP with 0.011 mg/mgFe.Oz with residual concentration of As
approximately 0.348 mg/L in 30 min; however, a small declining of concentration As
was from 0.348 to 0.334 mg/L while adsorption capacity of As increased from 0.011
to 0.012 mg/mgFe.O3 between times of 30 and 60 min. Furthermore, the adsorption

capacities of Fe were pretty good about 0.494 mg/mgFe>Os in 10 min with 0.1 mg/L
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of effluent concentration of Fe. In contrast, the adsorption capacity of Fe decreased
slightly from 0.494 to 0.487 mg/mgFe2Os during 10 to 60 min. Due to decreasing
adsorption capacity of 0P of Fe, concentration of Fe slightly increased from 0.10 to
0.25 mg/L. The decreasing of adsorption capacity I0P of Fe is caused by available
active site of IOP which enhance the faster at initial shorter time. To sum up, IOP

adsorbed Mn better than Fe and As due to high initial concentration of pollutants
made higher adsorption capacity.
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Figure 4.13 Effect of time on adsorption capacity by 10P for single heavy metals a)
Mn, b) As and c) Fe at pH=8+0.5in 1 hr

b.  Combined heavy metals

Equilibrium concentration and adsorption capacity of each heavy metals were
exhibited in Figure 4.14. All the corresponding the maximum of adsorption capacities
of Mn, As and Fe are 0.332, 0.0029 and 0.624 mg/mgFe.Os, respectively in 10 min of
contact time, and concentration of Mn, As and Fe decreased to 9.97, 0.01 and 0.022
mg/L, respectively. However, adsorption capacities of Mn decreased slightly to 0.307

mg/mgFe20s at 20 min of equilibrium time and remained constant during 20 to 60
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min. Furthermore, adsorption capacity of As gradually increased to 0.0029
mg/mgFe203 and then stable between 10 to 40 min. However, adsorption capacity of
As decreased slowly from 0.0296 to 0.0273 mg/mgFe20s at the time between 40 to 60
min. Additionally, the concentration of Fe remained stable about 0.02 mg/L even at
equilibrium. To sum up, the combined of heavy metals Mn, As and Fe initially
adsorbed faster at short contact time. This reflects that larger numbers of adsorptive
sites were available for adsorbate during the initial short contact times (Kitkaew et al.,

2018). Removal efficiency of combined heavy metals reached equilibrium at 10 min.
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Figure 4.14 Effect of time on adsorption capacity by IOP for combined heavy metals
a) Mn, b) Asandc) FeatpH=8+0.5in1 hr

In addition, considering the order of maximum adsorption capacities of single heavy
metals with combined heavy metals, results showed that single Mn (0.586
mg/mgFe203) higher than combined Mn (0.332 mg/mgFe20s), single As (0.011
mg/mgFe203) lower than combined As (0.029 mg/mgFe203), and single Fe (0.494
mg/mgFe203) lower than combined Fe (0.624 mg/mgFe20Os3). Hence, all 10P

adsorption capacity of single heavy metal Mn was higher than those in combined
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heavy metals because number of active sites were reduced by many pollutants
contaminated in water. On the other hand, IOP adsorption capacity of single As and
Fe was lower than combined As and Fe due to co-precipitation between As and Fe
enhances the adsorptive capacity of As in combined system.

4.4.2. Effect of adsorption capacity on heavy metals removal by IOCS

In summarize, the results in the previous section of effect of IOCS dosages on heavy
metals adsorption, the optimal dosages of IOCS discussed in this part include 0.8, 1.2,
0.8 and 1.2 mg/L of IOCS. There are two parts as single and combined heavy metals.

a.  Single heavy metals

Equilibrium concentration and adsorption capacity of each heavy metals were
exhibited in Figure 4.15. The adsorption capacities IOCS of Mn, As and Fe were
about 2.99, 0.02 and 12.48 mg/mgFe20s, respectively occurred in 10 min at
equilibrium. Based on adsorption capacity of single heavy metals, concentration of
single Mn, As and Fe were minor decreased to 12.90, 0.489 and 0.01 mg/L from
initial concentration, respectively. Adsorption capacities of Mn and Fe were remained
constant during 10 to 60 min. However, adsorption capacities of As remained the
same between in 10 to 60 min except during 20 and 30 min. The concentration of As
remained as initial concentration about 500 mg/L and adsorption capacity of As was
shown the lowest value during 20 and 30 min due to experimental error. However, V.
Gupta et al. (2005) found that 10CS about 20 g/L adsorbed As well in 120 min of
contact time and only 40 % of As removal happened in 20 min. Moreover, from
previous studies, IOCS dosages were studied in 1.5 thousand times as high as I0CS
doses in this study, but removal efficiency of As was not significantly effective in 20
to 40 min of contact time. Therefore, this reason could explain about the lowest value
of adsorption capacity of As in 20 to 30 min of contact time. Additionally, As
adsorption might be happened due to adsorption capacity IOCS started increasing to

0.02 mg/mgFe20s3 in contact time 10 min.
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Figure 4.15 Effect of time on adsorption capacity by 10CS for single heavy metals a)
Mn, b) Asand c) Feat pH=8 +0.5in 1 hr

b.  Combined heavy metals

Equilibrium concentration and adsorption capacity of each heavy metals were
exhibited in Figure 4.16, it demonstrated the maximum of adsorption capacity of
combined Mn, As and Fe such as 3.903, 0.427 and 8.33 mg/mgFe.O3, and
concentration was reduced to 10.61, 0.00001 and 0.01 mg/L, respectively in 10 min of
time. In detail, the concentration Mn and As gradually declined to approximately
11.13 and 0.00001 mg/L during 10 and 60 min of time. Different from single Fe,
adsorption capacity about 8.32 mg/mgFe20s possible reduced Fe to 0.01 mg/L during
10 to 60 min of time. Overall, in combined heavy metals equilibrium was reached in
10 min. The increasing of As adsorption capacity because of co-precipitation of As

and Fe occurred around pH 6.5 to 8.5.
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Figure 4.16 Effect of time on adsorption capacity by I0CS for combined heavy metals
a) Mn, b) Asandc) FeatpH=8+0.5in 1 hr

Furthermore, considering the order of maximum adsorption capacities of IOP on
single heavy metals with combined heavy metals, results showed that single Mn (2.99
mg/mgFe203) lower than combined Mn (3.90mg/mgFe203), single As (0.02
mg/mgFe203) lower than combined As (0.42 mg/mgFe203), and single Fe (12.48
mg/mgFe203) higher than combined Fe (8.33mg/mgFe.0O3). Hence, all adsorption
capacity of single heavy metal Mn and As were lower than combined heavy metals

due to co-precipitation enhance As and Mn removal efficiency.
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4.5. Summary

The best optimal values of heavy metals concentration, dosages, equilibrium,
removal efficiency, adsorption capacity, WHO drinking water quality standard and
Cambodia drinking water quality standard (CDWQS) were summarized in Table 4.4.
The equilibrium concentration of single Mn, As, Fe and combined heavy metals were
compared to the value of WHO drinking water standard and Cambodia drinking water
quality standard. As a result, only As in combined heavy metals was lower than
Cambodia drinking water standard. Final concentration is lower than WHO and
Cambodia drinking water standard in both adsorbents except for Fe combined heavy
metals using IOP.

Table 4.4 Summary result of final concentration of heavy metals with different

adsorbent 10P and 10CS compared to WHO drinking water quality standard and
Cambodia drinking water quality standard in 1 hr adsorption equilibrium

Adsorbent Heavy Dose t Ct Omax R WHO CDWQS
metals mg/L min mg/L my/mgFe0s 04 standard  mg/L
mg/L

Single Mn 12 20 8.260 0.586 46 0.4 0.1
Single As 12 30 0.348 0.011 28 0.01 0.05

1op Single Fe 20 10 0.102 0.494 99 0.3 0.3
Com Mn 16 10 9.970 0.332 34 0.4 0.1
Com. As 16 10 0.010 0.003 98 0.01 0.05
Com. Fe 16 10 0.022 0.624 99 0.3 0.3
Single Mn 0.8 10 129 2.99 16 0.4 0.1
Single As 1.2 10 0.489 0.02 5 0.01 0.05

10CS SingleFe 0.8 10 0.01 12.48 99 0.3 0.3
Com.Mn 1.2 10 10.61 3.90 30 0.4 0.1

Com. As 1.2 10 1E-05 0.42 99 0.01 0.05
Com. Fe 1.2 10 0.01 8.33 99 0.3 0.3
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4.6. Adsorption kinetic

The mechanisms of heavy metals adsorption along the time were studied by using two
kinetic models including pseudo first-order and pseudo second-order. The pseudo
first-order was used to explain adsorption in solid and liquid systems based on the
sorption capacity of solids and understand the adsorption rate (Ho and McKay, 2000)
following Equation 4.14.

d
Sk, (6, -4,) Eq. 4.12
dt
After integration In(q, -q,)-Ing, =—kit Eq. 4.13
k
log(q, —q,)=logq, - 5 3103t Eq. 4.14

Where, gt represents the amount of heavy metals adsorbed on I0P and IOCS in every
10 min (mg/mg of Fe20z3), ge represents the amount of heavy metals adsorbed on 10P
at equilibrium (mg/mg of Fe20s), k1 is the pseudo-first order rate constant (/min). ge
and ki were calculated from intercept, and slop of plot between time as X axis and log

(9e-qr) as Y axis, respectively.

The pseudo second-order rate was used to examine kinetic Equation 4.18 based on
adsorption capacity from the concentration of a solution by analyzing the

chemisorption in the solution (Ho, 2006).

da,
d_‘i =k, (9 —q, )’ Eq. 4.15
L S Eq. 4.16
(qe_qt)
1 1
=——kt Eq. 4.17
(.-a) a,
. L t 1 t
Linear regression is —=—t— g.4.18
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Where k; is the rate constant for pseudo second-order adsorption (mgFe2Os/mg.min),
ge and ko from pseudo second-order were obtained from slop and intercept of plot

between time as X axis and t/gt as Y axis, respectively.
4.6.1. Heavy metals on kinetic model by 10P
a. Single heavy metals

Adsorption capacity of single heavy metals fitted as either first or pseudo second-
order Kinetics is presented in Figure 4.17. Table 4.5 describes parameters relating to
the models. All detailed linear equation from graphs were shown in (Appendix.13).
All adsorbent optimal dosages of single heavy metals adsorption, the correlation
coefficient R? of pseudo first-order provided poor fitted. On the other hand, pseudo
second-order of all single heavy metals a better fitted with value of R? closed to
1.000. The result is followed pseudo second- order as some researches (K. Gupta and
Ghosh, 2009; Huang et al., 2007; Yoon et al., 2014). Because of the better fit of
pseudo second-order, it could explain that chemical interaction between heavy metals
on IOP surface layer involved valency forces through sharing or exchange of

electrons between sorbent and sorbate (Ho and McKay, 2000).

The adsorption capacity of single Mn, As and Fe at 1 hr was 0.566, 0.013 and 0.487
mg/mgFe20s, respectively. These values were approximately closed very well by
pseudo second-order Kinetic model calculation. Based on these model results, the
assumption of heavy metals adsorption is followed a monolayer regime on the
adsorbent surface and the rate of adsorption occurred faster at the initial step of
adsorption (Phuengprasop et al., 2011).The models were repeated as the effect of
times on heavy metals removal during 0 to 20 min of adsorption process. So, the
reactions coefficient of heavy metals were determined by ko with its dosage optimal.
Pseudo second-order adsorption rate of heavy metals from highest to lowest was that
(22.752 mgFe,Oz/mg.min for Fe), (20.766 mgFe,Os/mg.min for As) and (4.958
mgFe20Oz/mg.min for Mn). Moreover, based on Figure 4.17f. the intercept is negative
value -22.752 mgFe.Oz/mg.min due to precipitation happened with adsorption

process that removal mechanism start happened as a form of Fe(OH)a.
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b. Combined heavy metals

The parameters of pseudo first-order and pseudo second-order calculated from data of
combined heavy metals adsorption by IOP are summarized in Table 4.6. Results
expressed that the pseudo first-order were poorly fitted with R? of 0.375. In
comparison, the pseudo second-order fitted better than pseudo first-order with R?
closed to 1.000 (Figure 4.18). According to the corresponding well fitted results by
pseudo second-order, the combined heavy metals Mn, As and Fe were adsorbed by
chemisorption as in single heavy metals condition. Pseudo second-order is also a
pointer to the dominance of chemisorption as a mechanism of heavy metals
interaction with the sorbent surface (Oladoja et al., 2013). Moreover, the adsorption
capacities of combined heavy metals were closed to the adsorption capacities of 10P
calculated from experimental data. Because of the well fitted of second order, the
consistency of adsorption capacity IOP of combined Mn, As and Fe at 1 hr
equilibrium obtained from Kkinetic model include 0.282, 0.027 and 0.578

mg/mgFe20s, respectively.

The mechanism of this adsorption process was chemisorption. Moreover, in chemical
adsorption, it is assumed that the adsorption capacity is proportional to the number of
active sites occupied on the adsorbent surface (Tofighy and Mohammadi, 2011).
Pseudo second-order adsorption rate constant from (34.21 mg Fe2Oz/mg.min for As),
(1.72 mg Fe203/mg.min for Fe) and Mn (0.027 mg Fe2O3z/mg.min for Mn).

In comparison, the rate of adsorption in pseudo second order kinetic between single
heavy metals and combined heavy metals adsorption by 10P, the sequences are k of
Mn and Fe in single are higher than k> of Mn and Fe in combined heavy metals. In
contrast, ko of As in single adsorption is lower than k; of As in combined heavy
metals adsorption. Due to the fact that As was adsorbed well and faster only in 10 min

at initial adsorption in combined condition.
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Figure 4.18 Pseudo first-order and pseudo second-order kinetic models of combined
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4.6.2. Heavy metals on kinetic model by I0CS

a. Single heavy metals

Adsorption capacity of single heavy metals fitted as either first or pseudo second-
order Kinetics is presented in Figure 4.19. Table 4.7 describes parameters relating to
the models. All detailed linear equations were shown in (Appendix.15). For all
optimal dosages of single heavy metals Mn and Fe adsorption, the correlation
coefficient R? of pseudo first-order provided poor fitted. However, 12 mg/L of 10CS
for As adsorption were shown a better agreement with pseudo second-order than
pseudo first-order after cutting the two errors data points at 20 to 30 min adsorption
time with R? equal 0.970. Furthermore, the results indicated the best fit for pseudo
second-order nearly to 1.000 with all adsorbents dosages except for some dosages of
single As (24 mg/L). So, As and Fe was adsorbed on surface layer of 10CS by
chemisorption.

According to the adsorption capacity I0CS of single Mn, As and Fe at 1 hr
equilibrium obtained from kinetic models include 2.703, 0.026 and 12.506
mg/mgFe20s, respectively. Based on Table 4.7, the order of rate adsorption capacity
of optimal adsorbent dosages corresponding to kinetic model fitted include As
(17.137 mg Fe2Os/mg.min) , Mn (0.266 mg Fe;O3z/mg.min) and Fe (0.208 mg

Fe>O3/mg.min) of pseudo second-order.
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Figure 4.19 Pseudo first-order and pseudo second-order kinetic models of combined
heavy metal a),b) Mn, c),d) As and e),f)Fe by using optimal dosages of 10CS,
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b. Combined heavy metals

Adsorption capacity of single heavy metals fitted as either first or pseudo second-
order Kkinetics is presented in Figure 4.20. Table 4.8 describes parameters relating to
the models. All detailed linear equations were shown in (Appendix.16). According to
the R? value, results indicated all adsorbents dosages of all combined heavy metals
fitted better with pseudo-second order rather than pseudo first-order. Specifically, R?
for pseudo first-order and pseudo second-order was 0.375, 0.375, 0.375 and 0.997,
0.997 and 0.997, for Mn, As and Fe, respectively. A good correlation of R? very close
to 1.00 of pseudo second-order was explained the chemical adsorption. All adsorption
capacities of combined heavy metals generated from calculated from pseudo second-
order kinetic model provided a good agreement with adsorption capacities I0CS of

combined heavy metals obtained from experimental data.

According to the adsorption capacity I0CS of combined Mn, As and Fe at lhour
equilibrium obtained from pseudo second order kinetic model include 3.483, 0.427
and 8.325 mg/mgFe20s, respectively. Because of all heavy metals were adsorbed by
IOCS following pseudo second-order, thus the order of pseudo second order
adsorption rate from As (15.669 mg Fe>O3z/mg.min for As), (-0.255 mg Fe.Oz/mg.min
for Mn) and (-1.442E+13 mg Fe.Os/mg.min for Fe). The negative value of k> is from
the intercept of equation that it could be happened by Mn and Fe precipitation

mechanism before adsorption happened.

As comparison, the adsorption rate capacity between single heavy metals and
combined heavy metals are k> of single Mn is higher than k. of Mn in combined and
ko of Fe in single condition is larger than k> of Fe in combined heavy metals of
pseudo second-order. Anyway, the rate of adsorption of As was hardly comparative

between single and combined cases depending on co-precipitation existing.
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4.7. Adsorption isotherm

In order to study the adsorption behavior of the heavy metals using IOP and IOCS, the
experiment for adsorption isotherm was carried out by varied IOP and IOCS dosages
in range 4, 8, 12, 16, 20 and 24 mg/L with initial concentration of heavy metals in
lhour equilibrium time. This work uses two well-known isotherm models including
Langmuir and Freundlich. Basically, Langmuir model was employed to understand
behavior of heavy metals on the I0P or I0CS which is described the monolayer
adsorption (Dada et al., 2012) . Other model is Freundlich, it was applied to explain
the non-ideal, reversible and multilayer adsorption with non-uniform distribution of
adsorption heat and the heterogeneous nature of adsorbents (Dada et al., 2012). The
Langmuir and Freundlich models are obtained by linear form in Equation 4.20 and

4.22, respectively.

q =~ GKC Eq. 4.19
* T1+K.C, a4

&—i+ - Eq. 4.20
qe qm quL q .

Where Qgmax IS maximum adsorption capacity (mg/mg Fe.0z), K. is Langmuir
coefficient constant (L/mg), the value of gmax , KL is computed from the slope and
intercept of the Langmuir plot of Ce/ge (as Y axis) versus Ce (as X axis),

1
g, = K.C? Eq. 4.21
logq, =log K. +%Iog C, Eq. 4.22

Where Kr indicates the Freundlich isotherm capacity constant (mg/mg 10.Fe>0sg/L)-
1/n and 1/n is an intensity of adsorption of heavy metals on multilayer of IOP and
obtained by intercept and slope of Freundlich linear plot of Log Ce (as X axis) and

Log ge (as Y axis), respectively.
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4.7.1. Adsorption isotherm for IOP

The linear plotted of Langmuir and Freundlich models of single and combined heavy
metals by using different IOP dosages were presented in Figure 4.21 and Figure 4.22.
Specifically, R? for Langmuir and Freundlich was 0.62, 0.77, 0.75 and 0.70, 0.78 and
0.2007, for Mn, As and Fe respectively. Regarding the correlation coefficients R?, the
experimental data of single heavy metals Mn, As fitted with Freundlich better than
Langmuir isotherm for the adsorption. The better fitted of Freundlich model described
a heterogeneous multilayer adsorption of single Mn and As on IOP surface.
Moreover, the intensity of Freundlich adsorption was lower than 1, which indicated
the normal adsorption (n<1) (Foo and Hameed, 2010). The Kr of Mn was 8,139 as
higher value of Kr indicated IOP has high affinity toward heavy metals which is
consistence with experimental observation. Conversely, for single heavy metal Fe,
Langmuir isotherm fitted better than Freundlich isotherm Therefore, the adsorption of
single metal Fe onto the 10P occurred in monolayer. Because of the values of gm of
single heavy metals generated by its better fit model results, the order of the highest
adsorption capacity was (0.656 mg/mgFe.O3 for Mn), (0.377 mg/mgFe.Oz for Fe) and
(0.010 mg/mgFe2Os for As) are presented in Table 4.9.

Specifically, R? for Langmuir and Freundlich was 0.779, 0.227, 0.362 and 0.811,
0.0008 and 0.030, for Mn, As and Fe respectively. According to the correlation
coefficients R?, the experimental data of combined heavy metals Mn was fitted with
Freundlich isotherm better than Langmuir isotherm for the adsorption. The better
fitted of Freundlich model described a heterogeneous multilayer adsorption of 10P
surface for Mn. However, As and Fe adsorption of IOP was followed the Langmuir
isotherm model based on R square is higher and better fitted than Freundlich model.
The lower R? of As and Fe using Langmuir could explain the mechanism of
adsorption because low R? values just show about the fitted model equation to data
obtained from experiment. Furthermore, the reason R? of As and Fe, it may be fitted
well with other adsorption isotherm models. Therefore, it indicated that As and Fe
was adsorbed on monolayer of IOP during combined heavy metals adsorption. The
maximum adsorption capacities of Mn, As and Fe at equilibrium were generated from
the better fitted models include 0.699, 0.055 and 1.030 mg/mgFe203, respectively.
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Because of Mn following Freundlich, adsorption intensity 1/n is -9.098 which is lower
than 1 (Table 4.10). As a result, it was pointed the fact that Mn adsorption on IOPS is
normal adsorption (n<1)(Dada et al., 2012) .
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Figure 4.21 Adsorption isotherm Langmuir and Freundlich models for single heavy
metals adsorption a),b)Mn, c),d) As, e),f) Fe, at pH 8 £0.5, respectively by IOP
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Table 4.9. Langmuir and Freundlich isotherm models parameters with single heavy
metal from different IOP dosages in 1hr equilibrium

Isotherm parameters Mn As Fe

Langmuir isotherm

gmax (Mg/mg Fe205) 0.0137 0.0011 0.3766
Ki (L/mg) 1.950E-05 3.902E-06 0.496
RL 0.278 0.268 0.116
R? 0.621 0.774 0.7591
Freundlich isotherm

0,model(Mg@/mgFe203) 0.656 0.0101 1.14

Kr (mg/mg Fe203) 8139 0.0001 0.665
1/n -4.404 -4.207 -0.394
R? 0.705 0.780 0.201

Table 4.10 Langmuir and Freundlich isotherm models parameters with combined
heavy metal from different 1OP dosages in 1 hr equilibrium

Isotherm parameters Mn As Fe

Langmuir isotherm

Gmax (Mg/Mg Fez0s) 0.0103 0.055 1.030
K. (L/mg) 9.72E-06 0.133 4.037
RL 0.061 0.618 0.066
R2 0.779 0.227 0.343

Freundlich isotherm

J,model (Mg/MgFe203) 0.699 0.037 0.7322
Kr (mg/mgFe203) 1.78E+08 0.0345 0.720
1/n -9.098 -0.024 -0.066

R? 0.812 0.0008 0.030
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4.7.2. Adsorption isotherm for IOCS

The linear plotted of Langmuir and Freundlich models of single heavy metals by
using different 10CS dosages were presented in Figure 4.23. Specifically, R? for
Langmuir and Freundlich was 0.369, 0.682, 0.894 and 0.733, 0.670 and 0.367, for
Mn, As and Fe respectively. The corresponding R? of 0.682 for As and 0.894 for Fe
were better fitted with Langmuir models while R? of Freundlich are 0.670 and 0.367
for As and Fe, respectively. Additionally, the better fitted of R? of 0.733 from
Freundlich model is only Mn which described a heterogeneous multilayer adsorption
of single Mn on I0OCS surface layer. Moreover, the intensity of Freundlich adsorption
was -26.071 lower than 0, which is indicated the normal adsorption. Therefore, the
adsorption of As and Fe metals onto the IOCS occurred in monolayer with the
maximum adsorption capacity of 0.00006 mg/mg Fe>Oz of As, 2.554 mg/mgFe.O3 of
Fe. Because of the values of gm of single heavy metals generated by its better fit
model, the order of the highest adsorption capacity was from (25.542 mg/mgFe2Os for
Fe), (0.16 mg/mgFe203 for Mn) and (0.0006 mg/mgFe.O3 for As) are presented in
Table 4.11.

The linear plotted of Langmuir and Freundlich models of combined heavy metals by
using different IOCS dosages were presented in Figure 4.24. The corresponding R? of
0.68 for As and 0.89 for Fe were better fitted with Langmuir models while R? of
Freundlich are 0.67 and 0.36 for As and Fe, respectively. Based on the correlation
coefficients R square from graphs, the As and Fe was better fitted with Langmuir
models. However, Mn still be the same as single case that Mn was fitted with
Freundlich model (R? = 0.29) which described a heterogeneous multilayer adsorption
of 10CS surface for Mn. The R? does not well fit, it has no effect to mechanism
explanation of Mn, but it could be effect to model parameters prediction, and it
happened by Mn (1V) precipitation occurrence. Moreover, the intensity of Freundlich
adsorption was -8.112 lower than 1, which is indicated the normal adsorption.
Therefore, the adsorption of As and Fe metals onto the IOCS occurred in monolayer.
The corresponding values of gmax at different heavy metals calculated based on its
better fit model, the order of the highest adsorption capacity was from (5.347
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mg/mgFe20s for Fe), (4.908 mg/mgFe.Oz for Mn) and (0.28 mg/mgFe20s for As) are
presented in Table 4.12.
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Table 4.11 Langmuir and Freundlich isotherm models parameters with single heavy
metal from different IOCS dosages in 1hr equilibrium

Isotherm parameters Mn As Fe

Langmuir isotherm

Qmax (Mg/mg Fe203) 0.009 0.0006 25.542
KL (L/mg) 7.27E-06 7.88E-08 982,4
RL 0.999 1.000 1.02E-05
R? 0.369 0.682 0.894

Freundlich isotherm

0,model (Mg/MgFe203) 0.16 0.018 0.525
Kr (mg/mg Fe203) 8.16E+29 8.61E-09 1.533
1/n -26.071 -20.022 0.232
R? 0.734 0.670 0.367

Table 4.12 Langmuir and Freundlich isotherm models parameters with combined
heavy metal from different IOCS dosages in 1hr equilibrium

Isotherm parameters Mn As Fe

Langmuir isotherm

Qmax (Mg/mg Fe203) 0.35 0.28 5.347
Ky (L/mg) 0.001 9.614 164.03
R 0.982 0.168 0.0006
R?2 0.288 0.821 0.833

Freundlich isotherm

0, modei(Mg/mg Fe203) 4.908 0.421 7.899
Kr (mg/mg Fe203) 1.52E+09 0.428 9.191
1/n -8.112 0.001 0.033

R? 0.297 3E-05 0.006
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4.8. Comparison between IOP and IOCS on heavy metals adsorption
4.8.1. Comparison between IOP and IOCS

In summary, the removal efficiency of heavy metals in single heavy metal adsorption
condition using optimal IOP dosages at equilibrium times are approximately 44, 30,
97 % of removal Mn, As and Fe, respectively (Table 4.13). In combined heavy metals
adsorption condition, Mn, As and Fe were removed with about 29, 90, 92 % of initial
concentration. In comparison, Mn removal efficiency slightly decreased about 15%
removal from single to combined heavy metals process. However, in combined heavy
metals As removal efficiency was dramatically increased to 90% compared to single
As process about 30 % of removal. For Fe removal efficiency decreased from 97 to 92

% between single and combined heavy metals adsorption process.

Moreover, using IOCS optimal dosages, the removal efficiency of single metals (Mn,
As and Fe) was about 14, 6 and 99 % of removal, respectively. On other hand, in
combined heavy metals adsorption process, the removal efficiency of heavy metals
increased together such as 27, 99 and 99% of removal Mn, As and Fe, respectively.
Due to the fact of removal efficiency results, the performance of IOCS was better
adsorbed heavy metals in combined process than single condition except only Fe
adsorption. Basically, smaller particles size of adsorbents increased removal
efficiency of pollutants through high active sites (Mondal et al., 2008). Since mean
diameters of 10P about 0.85 mm smaller than 2.30 mm, so IOP adsorbed heavy
metals higher than 10CS.

In contrast, the adsorption capacity 0P of heavy metals reveals a greater capacity
than adsorption capacity 10CS of heavy metals in single heavy metals adsorption
based on higher removal efficiency. Although, in combined IOCS was perform more
effective than IOP. In addition, the removal of heavy metals using IOP in combined
condition still is lower than CDWQS standard for As. So, in combined 10P and ICOS
are suitable for heavy metals removal. Lastly, the cost estimation of IOP and I0CS
are 1,600 Bahts and 1,643 Bahts. The price was quite the same in order to synthesize
these both adsorbents (Appendix 19).
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Table 4.13 Summary results of removal efficiency of optimal dosages at equilibrium
time and adsorption capacity of IOP and IOCS in single and combined heavy metals
pollutants

Adsorbent  Groundwater Heavy Removal Final Adsorption
types pollution metals Efficiency  concentration capacity
types pollution (%) (mg/L)
Mn 44.44 8.5 0.566
Single As 30.99 0.334 0.012
IOP Fe 97.48 0.252 0.487
Mn 29.34 10.81 0.280
Combined As 90.23 0.047 0.027
Fe 92.28 0.772 0.576
Mn 13.81 13.18 2.64
Single As 5.92 0.482 0.02
Fe 99.99 0.01 12.48
10C3 Mn 27.20 11.13 3.46
Combined As 99.99 0.00001 0.42
Fe 99.99 0.01 8.32

4.8.2. Mechanisms of heavy metals adsorption
a. Single heavy metals adsorption

In single heavy metals condition, the heavy metals were adsorbed following the
chemisorption. Therefore, chemical interaction was occurred on the surface charges of
IOP and 10CS which enhanced the heavy metals removal efficiency based on PZC.
Generally, the point zero charge of iron oxide was around 6 to 10. The point zero
charge of IOP which highly contained Fe;Oz was approximately 6.20 (Mustafa,
Tasleem, and Naeem, 2004)and I0OCS was about 9.8 (Thirunavukkarasu et al., 2003).
The pH of water was maintained around 8 + 0.5 by NaHCO3 as buffer, so there are
two interaction on both adsorbents. Due to the fact of PZC of IOP is lower than pH of
water, so there are negatively charge of surface IOP with positive charge of heavy
metals (Mn?*, As®* and Fe?" with hydroxide of surface IOP. Based on Smith (1999)

the chemical stoichiometry could be demonstrated by Equation 4.23.
Fe’OH° + M** < FeSOM* + H* Eq. 4.23

Where, M is heavy metals ions and s is surface.
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In addition, PZC value of IOCS was higher than pH of water, so the adsorption on
surface 10CS occurs positively charges which in turn attached negatively charge of
heavy metals group (Geng-Fuhrman, Mikkelsen, and Ledin, 2007) such as MnOO-,
H2AsO,% and FeOO". However, Mn was hardly to produce negatively moiety group in
pH higher than neutral (Mondal et al., 2008). Hence, it leaded Mn removal of IOCS
was lower than Mn removal by IOP in single adsorption.  According to
Thirunavukkarasu et al. (2003) As adsorption removal, the chemical reaction could
follow the Equation 4.24.

0-FeOOH + H2AsO4* + 3 H* — FeHAsO4 + 2 H,0 Eqg. 4.24

Based on Katsoyiannis and Zouboulis (2002), during this procedure the responsible
mechanism for the removal of arsenic was adsorption on iron oxides, which refers to
the formation of surface complexes between soluble arsenic species and the solid
hydroxide surface sites, as As gets in contact with the deposited iron oxides. Ferric

arsenate was produced, as indicated schematically in the following Equation 4.25.
M-FeOH +H3AsOs—>M-Fe-H2AsO4+H>0 Eq. 4.25

On the basis molecular scale, the binding of As species can be described using
spectroscopic techniques. Spectroscopic studies of As sorption on goethite and Ferric
hydride, using EXAFS and XANES have indicated that arsenate was strongly
bounded on these surfaces as inner sphere complexes, which are attached
predominantly as binuclear bidentate linkages, whereas at low surface coverage,
monodentate linkages can be formed Goldberg and Johnston (2001). Therefore, a
more detailed mechanism for As(V) sorption on surface of HFO can be proposed,
according to the following Equation4.26, 4.27 and 4.28 (Hiemstra and Van Riemsdijk,
1999).

FeOHY? + H*(aq) + AsOs3(aq) — FeOAsO; +H,0 ki(monodentate) Eq. 4.26
2FeOHY2+ 2H*(ag)+ AsOs3(aq) — Fe202As02+2H,0 ko(bidentate) Eq. 4.27

2FeOHY2+ 3H"+ AsO43(aq) — Fe20,AsO0OH+2H-0 ks(protonated bidentate)Eq. 4.28
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The aforementioned reactions suggest that arsenic was mainly sorbed on iron oxides
through specific adsorption (chemisorption), where the adsorbing (arsenic) is bounded

directly with the surface functional group (Cornell and Schwertmann, 2003).

Moreover, in terms of Fe removal based on observation, there also has some
agglomeration of iron occurred in water after adsorption process (Figure 17.A and B).
According to Fu, Dionysiou, and Liu (2014) iron possible precipitated based on this
Equation 4.29 and 4.30.

Fe?" + 20H — Fe(OH): Eqg. 4.29
4Fe(OH)2 + 2H20 + O2 — 4Fe(OH)3 Eq. 4.30
b. Combined heavy metals adsorption

In combined heavy metals adsorption process also adsorbed via similar mechanism as
single heavy metals, but there also has co-precipitation As with Fe. It was considered
as more mechanism that improve As removal efficiency. By Roberts et al. (2004)
found that 3.8 mg/L of Ferrous concentration in water could amply sufficient for 90 %
of As removal at initial concentration 500 pg/L. The mechanism of removal due to

co-precipitation of As reaction followed the chemical reaction Equation 4.32 and
4.32.

Fe''(OH)x@™* + 1/40,+ H" — Fe''(OH)x®¥* + 1/2H,0 Eq. 4.31
Fe''(OH)x®* + (3-x)H20 — Fe"'(OH)s + (3-X)H* Eq. 4.32
At pH around (6.5 to 8.5), co-precipitation of As was happened based on Equation
4.33 and 4.34.
Fe'"'(OH); — Fe-OH Eqg. 4.33

Fe-OH + As(V) <> Fe-As(V) Eq. 4.34
4.9. Effect of sulfate on heavy metals adsorption

Highly existing of sulfate concentration are present in groundwater sources in the
range from O to 150 mg/L. This anion can compete with heavy metals for available

surface binding sites and interfere in the removal of heavy metals by alteration of the
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electrostatic charge on the surface of adsorbent (Yu et al., 2013). This part explained
about the effect of sulfate in water on heavy metals removal adsorption by 10P and
IOCS in equilibrium which is responded to the second objective of this study. The
variation of SO4? ranged from 0 to 150 mg/L. Removal efficiency were compared to
only the dosages optimal for single and combined heavy metals condition. The
optimal dosage was obtained from first objective such as 12, 12, 20 and 16 mg of 0P
and 8, 12, 8 and 12 of IOCS for single Mn, As and Fe and combined these heavy
metals, respectively.

4.9.1. Effect of sulfate on heavy metals adsorption by IOP
a. Single heavy metals

The optimal IOP dosages 12, 12, 20 mg/L was taken to study the effect of sulfate on
single Mn, As and Fe removal in adsorption process since sulfate concentration has
highly value range presence in groundwater. The removal efficiency along the time of
single heavy metals by adding different concentration of sulfate were presented in the
Figure 4.25. At equilibrium, without sulfate in water, 12 mg/L of IOP adsorbed Mn
and As about 46.10 % and 28 %, respectively. However, by adding the concentration
of sulfate 50, 100 and 150 mg/L to water, the removal efficiency of single Mn, and As
gradually reduced to 7.18, 5.24 and 6.09 % of Mn removal and no removal of As,
respectively. The removal Fe at equilibrium of Fe presence with 0, 50, 100 and 150
mg/L of sulfate were approximately 98.98, 99.9, 99.2 and 99.9% of removal,

respectively.

Therefore, the concentration of sulfate in water are negatively significant effect on
single Mn and As removal. The removal efficiency of Mn and As reduction when
adding sulfate. This was because sulfate coated on the surface layer of iron oxide
particles with reducing surface active site by producing more anion on surface layer.
The result of Mn removal decreased when sulfate increased is similar to result from
this (Pulsawat et al., 2003). They found that adsorption capacity of adsorbents on Mn
was reduced after adding sulfate. Therefore, sulfate concentration in water

insignificantly affect single Fe removal in adsorption since it had precipitation
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mechanism between Fe, hardness and sulfate in water. Based on Mouton, van
Deventer, and Vaarno (2007) the oxidation of Fe with sulfate occurred by chemical
reaction in Equation 4.35.

2FeS04(ag) + O2(g) +SO2(g) +3Ca(OH)2(aq) — 3CaSO04s) +2Fe(OH)3(s) Eq. 4.35
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Figure 4.25 Effect of sulfate concentration on single heavy metals adsorption a)Mn,
b)As and c)Fe by using optimal dosages IOP

b. Combined heavy metals

The optimal IOP dosages 16 mg/L was used to study effect of sulfate on combined
Mn, As and Fe removal in adsorption process. Removal efficiency along the times of
combined heavy metals sulfate were shown in the Figure 4.26. When concentration of
sulfate increased from 50, 100 and 150 mg/L, the removal efficiency of combined
heavy metals at equilibrium dramatically decrease to 19.54, 20.49 and 21.28 % of Mn

removal, respectively. However, after adding more sulfate into water, the removal of
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As and Fe were slightly increased to 98.90, 99.51 and 100% of As removal and about
99.2, 99.6 and 99.9% of Fe removal, respectively.

Mn removal of all sulfate adjustment variation, It indicated that sulfate had negatively
effect on Mn removal. Even though, SO4* insignificantly affect As removal. The
effect at lower concentration of SO4> had a negligible on As removal because of the
sulfate binding affinity for the adsorbent is weaker than arsenic (Jeong, Maohong, et
al., 2007). Moreover, Fe removal of all influence various concentration of sulfate in
water remained constant, it revealed that sulfate insignificantly affect Fe adsorption.
The results has similar to Meng, Bang, and Korfiatis (2000) ranged 0 to 300 mg/L of

sulfate insignificantly affect on As removal while Fe presence in water 1 mg/L.
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Figure 4.26 Effect of sulfate concentration on combined heavy metals adsorption
a)Mn, b)As and c)Fe by using optimal dosages I0P
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4.9.2. Effect of sulfate on heavy metals adsorption by IOCS
a. Single heavy metals

Based on the result from first objective, the optimal 10CS dosages 0.8, 1.2, 0.8 mg/L
was taken to study effect of sulfate on single Mn, As and Fe removal in adsorption
process. The removal efficiency along the time of single heavy metals by adding
different concentration of sulfate were presented in the Figure 4.27. When
concentration of sulfate increased from 50, 100 and 150 mg/L, the removal efficiency
of Mn gradually decreased to 0.07, 10.41 and 13.37 % of removal, respectively at
equilibrium. In contrast, the removal of adsorption As and Fe by adding sulfate in
influence were approximately remained constant including 8.65, 4.44, and 9.70 % of
As removal and 99.9, 99.9, and 97.10 % of Fe removal, respectively. Therefore,
influences of sulfate significantly affect Mn adsorption of IOCS. However, presences

of sulfate in water insignificantly affect As and Fe removal.

100 100

---0mgS0O,*/L r -{1--0mgSO,2 /L

L a) —— 50 mgSO,*/L

[o:]
o
[or]
o

—&— 50 mgS0,27/L

—&— 100 mgSO,* /L —&— 100 mgS0O,2 /L

o

—O— 150 mgS0,4*/L

o
T

—O— 150 mgSO.* /L

o

Mn Eemov%’(%)
o

As EemovaH%)

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (min) Time (min)

9
=0
e
2 --0~-0 mgS0,= /L
[T}
@40 —— 50 mgS0,2 /L
('8
—&— 100 mgS0.2 /L
20
—O— 150 mgS0.2 /L
OL\\\|I\\|\\|\\|I\\\\I|\\|\||\\I|\|\
0O 10 20 30 40 50 60 70

Time (min)

Figure 4.27Effect of sulfate concentration on single heavy metals adsorption a)Mn,
b)As and c)Fe by using optimal dosages IOCS
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b. Combined heavy metals

In combined heavy metals adsorption by IOCS case, the optimal IOCS dosages as 1.2
mg/L. This dosage was used to study the effect sulfate on heavy metals adsorption
removal. The relationship between removal efficiency of combined heavy metals by
adding different concentration of sulfate is presented in Figure 4.28. When
concentration of sulfate increased from 50 to 150 mg/L, the removal efficiency of Mn
was fluctuated in the range of 21.41, 16.95 and 21.45 %, respectively while no
presence of sulfate in water Mn removed 30.61%. Even though, adding sulfate in
water, the removal of As and Fe removal were stable as without sulfate presence in 99
% of As and Fe removal at equilibrium. Furthermore, the value of removal efficiency
of Mn indicated that sulfate significantly affects Mn adsorption through adding sulfate
concentration. Additionally, As and Fe at all sulfate concentration ranges remained

stable, thus sulfate presences in water has no significant effect on As and Fe removal.
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Figure 4.28 Effect of sulfate concentration on combined heavy metals adsorption
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4.10. Leaching heavy metals adsorption

This part described and discuss about the waste characteristic results of IOP and IOCS
after adsorption process that is responded to the third objective of this study. Toxicity
Characteristic Leaching Procedure (TCLP) is an EPA standard method 1311 was used
to leach heavy metals from IOP and IOCS in 18 hours. The results of loading
concentration of IOP and IOCS showed in Figure 4.29. Heavy metals concentration
constituents on IOP was 3.050, 0.0012, 32.361 ug/mglOP of Mn, As and Fe,
respectively in single heavy metals condition and 4.002, 0.000021 and 45.486
ug/mglOP of Mn, As and Fe, respectively in combined heavy metals condition. In
addition, based on the bar chart, heavy metals concentration composition on 10CS
included 0.0079, 0.00021, 0.0179 ug/mg IOCS of Mn, As and Fe, respectively in
single heavy metals condition and 0.003, 0.00007 and 0.031 ug/mglOCS of Mn, As
and Fe, respectively in combined heavy metals condition. The highest of
concentration Mn and Fe leached from IOP was obtained from its composition via
XRF results. However, in leachate, As had lower concentration due to As has higher

chemical bound with iron oxide (Goldberg and Johnston, 2001).
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Beside concentration heavy metals loading on IOP and IOCS, the concentration of
heavy metals Mn, As and Fe in leaching were compared to EPA regulatory (E.P.A.,
1990) and summarized in Table 4.13. Concentration of Mn, As and Fe in leachates
was 145.4, 0.058, 1541 mg/L in single condition and 190.6, 0.001 and 2166 mg/L in
combined condition, respectively. According to table 4.18, concentration of Mn, As
and Fe in leachates are 0.378, 0.01, 0.85 mg/L in single condition and 0.160, 0.0033
and 1.480 mg/L in combined condition, respectively obtained from optimal dosages
of 10CS. The EPA toxicity characteristic limits mean that wastes contain extract
constituents on the list at concentrations that equal or exceed the value concentrations
are identified hazardous waste characteristic (Olcay YILMAZ, Erdal COKCA, and
"UNL"U, 2002). By compared to the EPA regulatory standard characteristic limits,
given in Table 4.14, it was observed that only Fe concentrations in the leachate from
IOP in both conditions exceeded the permitted level. Therefore, only IOP adsorbed Fe
are identified hazardous waste.

Table 4.14 Summary results of leaching heavy metals from IOP and IOCS compare to
TCLP hazardous standard limit and WHO drinking water standard

WHO
Leachin Loading drinkin TCLP
Adf%gsnts Grog;lgev;/ater f\ndasszrl()ri%t)s Metals Con. ) con. ) wa’rergj standard
(mg/L)  (ug/mg) standard (mg/L)
(mg/L)
10 Mn 145.40 3.053 0.4
Single 6.7 As 0.058  0.00122 0.01 5
Iron oxide 23 Fe 1541 32.361 0.3 30
particles 155 Mn 190.60 4.003 0.4 -
Combined 155 As 0.0010 21.E-06 0.01 5
155 Fe 2166 45.486 0.3 30
43.3 Mn 0.378 0.008 0.4 -
_ Single 64.4 As 0.010  0.00021  0.01 5
'“(’:ga‘;;‘éde 426 Fe 0850 0018 03 30
sand 64.4 Mn 0.160 0.0034 0.4 -
Combined 64.4 As 0.0033  0.0001 0.01 5

64.4 Fe 1.480 0.031 0.3 30




CHAPTER 5
CONCLUSION AND RECOMMENDATION

5.1. Conclusion

In conclusion, this study aims to understand 1) adsorption mechanisms of Mn, As and
Fe on iron oxide particles and iron oxide coated sand; 2) the effect of anion (SO4%) on
heavy metal removal efficiency, and 3) the leachability of both adsorbents after use.

In summary, the results of this study include:

e Both adsorbents, IOP and I0CS were synthesized successfully based on XRF
and SEM-EDS result.

e At equilibrium, based on removal efficiency of heavy metals adsorption the
optimal dosages were 12, 12, 20 and 16 mg/L of 10P corresponding to 44, 30, 97 %
of removal of Mn, As and Fe in single adsorption, and 29, 90, 92 % of removal of
Mn, As and Fe in combined process, respectively. Moreover, for IOCS optimal
dosages were 0.8, 1.2, 0.8 and 1.2 mg/L of IOCS. Removal efficiency of Mn, As and
Fe for single and combined process is 14, 6 and 99 % (for single), and 27, 99 and 99%
(for combined).

e Considering on optimal dosages, the equilibrium of single heavy metals
adsorption process of Mn, As and Fe, and a combined heavy metal were initially fast
and reached at 20, 30, 10 and 10 min, respectively. For I0CS, all of condition was
faster than 10 min.

e For single heavy metal adsorption, IOP was found to have a greater adsorption
capacity than I0CS. In addition, both adsorbents removed As to the level that was
lower than CDWQS and WHO Standard due to co-precipitation between As and Fe
happened in combined process. Therefore, IOP an IOCS were effective adsorbents to
remove heavy metals from simulated groundwater.

e Heavy metals adsorbed on IOP and IOCS via chemisorption on surface layer
following pseudo second-order kinetic model.

e Mn followed only Freundlich isotherm models in both adsorbents and

adsorption condition. The high Kr indicated the large affinity toward Mn which is in
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consistent with gexp and 1/n, which is lower than 1. This indicated that normal
adsorption. However, As followed Langmuir models with the maximum adsorption
capacity of 0.055, 0.28 and 0.0006 mg/mgFe2Os in combined process of 10P, I0CS
system and single heavy metals adsorption in IOCS system, respectively. For Fe
adsorption by I10P followed Langmuir mode | with gm about 0.376 and 1.030
mg/mgFe,0s (for single and combined adsorption). For IOCS, gqm was about 25.54
and 5.35 mg/mgFe20s in single and combined heavy metals adsorption, respectively.

e For IOP in single heavy metals adsorption process, sulfate present in water
significantly reduced adsorption removal of Mn and As in single and combined
process. However, it insignificantly affected Fe adsorption.

e For IOCS in single heavy metals Mn adsorption was affected by the presence
of SO4%. Moreover, As and Fe removal were insignificantly affected by SO4% in any
ranges. On the other hand, in combined heavy metals process, SO42 present in water
had no effect on Mn, As and Fe removal.

e TCLP results of IOP were 3.05, 0.0012, 32.361 ug/mglOP of Mn, As and Fe,
respectively in single heavy metals condition and 4.002, 0.000021 and 45.486
ng/mglOP of Mn, As and Fe, respectively in combined heavy metals condition.

e For IOCS, TCLP results suggested 0.0079, 0.00021, 0.0179 ug/mg IOCS of
Mn, As and Fe, respectively in single heavy metals condition and 0.00336, 0.00007
and 0.0311 pg/mglOCS of Mn, As and Fe, respectively in combined heavy metals
condition.

e According to TCLP Standard, I0CS was considered non-hazardous waste,
while I0P was identified to have higher Fe than the standard.

5.2. Recommendation

Based on the capacity of both adsorbents and due to this study was conducted in batch
adsorption experiment, so there are three recommendation parts such as water

treatments and waste management part and technical part.

. Based on the effectiveness of IOP and IOCS in terms of heavy metals
removal, both adsorbents should be good adsorbents for rural water treatment in the

case study, and it would be a part to reach the nation targets in accessing of safe
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drinking water in Cambodia. The further research should conduct experiment in
column test (Lab scale or pilot scale) in order to determine the bed volume depth

before going to apply to real situation.

. If both adsorbents are applied in the real application, for single metals
condition IOP should be chosen for adsorbents. For combined heavy metals case,

either adsorbents can work depending on the raw materials available in the area.

. Based on results of effect sulfate on heavy metals removal, there has
insignificantly effect SO4% on heavy metals. Only Mn adsorption affects in both

adsorbents, so when Mn contaminated in water, IOP and IOCS could not to remove.

. Therefore, in real application, before applying either adsorbents for Mn
removal, analysis of SO4> in raw water should be conducted. Furthermore, other
anions and cations in raw water should be studied to understand the effect of ligands

on I0P and IOCS adsorption process.

. For waste management, TCLP results suggested that IOP was a solid
hazardous waste according to exceeding level of Fe. Therefore, this waste should be
disposed of to secure landfill. However, Mn- or As-adsorbed 10P, or IOCS should be

regenerated for a reuse, or can be used for construction materials such as mortar.

. Due to there has some fluctuated results in case of varied dosages, the next
research should vary adsorbents doses in replication in order to find a statistic error

bar for results explanation.

. Since As leachate concentration in single case of As-adsorbed IOP, or IOCS
exceed WHO drinking water standard, therefore the wastes after adsorption should

take attention to dispose of to secure landfill.

. Due to this study cannot separate between heavy metals that remove by
adsorption and co-precipitation, thus further research should exactly consider on real
adsorption capacity adsorbed by IOP or IOCS and co-precipitation.
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Appendix 1. Photograph of raw materials for adsorbents synthesized Iron oxide

particles, sand and Iron oxide coated sand
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Appendix 2. Photograph of apparatus and experimental procedure

Figure 2.A. Adsorption of heavy metals by using IOP at 1 hr with 130 rpm by Jar test

instrument

Figure 2. B. Leaching of heavy metals from adsorbents after process run at 18 hr with
30 rpm by TLCP test with using Multi RS-60 leaching machine.
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Figure 2.D. Water sampling preservation before ICP-OES analysis
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Appendix 3. The analysis of pH water at differences dosages for adsorption operation
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Figure 3 A. pH of water at difference adsorbents dosages a) IOP and b) I0CS
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Appendix 4. The analysis of temperature of water at differences dosages for

ion
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Appendix 4 Groundwater synthetic

This study was synthesized groundwater in four types including single manganese,
arsenic and iron and a combined heavy metal. pH and temperature of water were
analyzed and controlled by pH meter around 8 + 0.5 and 30 % 2 °C, respectively
(Figure 3.and 4.A.). For concentration of heavy metals were examined by using ICP-

OES with calibration curve plotted between concentration and intensity shown in
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Figure 4.B Calibration curve between intensity and concentration including linear
regression and R? for a)Mn, b)As and c)Fe for ICP-OES analysis
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Appendix 5. Concentration of heavy metals along the times a) Mn, b)As and c)Fe in

single heavy metals adsorption using IOP
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Appendix 6. Concentration of heavy metals along the times a) Mn, b)As and c)Fe in
combined heavy metals adsorption using IOP
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Appendix 7. Concentration of heavy metals along the times a) Mn, b)As and c)Fe in

single heavy metals adsorption using IOCS
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Appendix 8. Concentration of heavy metals along the times a) Mn, b)As and c)Fe in

combined heavy metals adsorption using I0OCS
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Appendix 9. Adsorption capacity of heavy metals in single adsorption using IOP
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a)Mn
IOP
weight | Volume | Time Co Ct q(t) (mg/mg
(mg) (L) (min) | (mg/L) (mg/L) Co-Ct Fe203)

0 1 0 15.3 15.30 0 0

4 1 10 15.3 14.68 0.62 0.155
4 1 20 15.3 15.16 0.14 0.035
4 1 30 15.3 14.70 0.60 0.15
4 1 40 15.3 14.80 0.50 0.125
4 1 50 15.3 14.64 0.66 0.165
4 1 60 15.3 15.2 0.10 0.025
8 1 10 15.3 11.98 3.32 0.415
8 1 20 15.3 12.02 3.28 0.41
8 1 30 15.3 11.96 3.34 0.417
8 1 40 15.3 11.92 3.38 0.422
8 1 50 15.3 11.96 3.34 0.417
8 1 60 153 11.92 3.38 0.422
12 1 10 15.3 9.58 5.72 0.476
12 1 20 15.3 8.26 7.04 0.586
12 1 30 15.3 8.22 7.08 0.59
12 1 40 15.3 8.28 7.02 0.585
12 1 50 15.3 8.40 6.90 0.575
12 1 60 15.3 8.50 6.80 0.566
16 1 10 15.3 13.96 1.34 0.08375
16 1 20 15.3 13.70 1.60 0.100
16 1 30 15.3 13.76 1.54 0.096
16 1 40 us 13.72 1.58 0.098
16 1 50 15.3 13.50 1.80 0.112
16 1 60 15.3 13.72 1.58 0.098
20 1 10 15.3 10.94 4.36 0.218
20 1 20 15.3 11.84 3.46 0.173
20 1 30 15.3 10.98 4.32 0.216
20 1 40 15.3 10.62 4.68 0.234
20 1 50 15.3 10.96 4.34 0.217
20 1 60 15.3 11.20 4.10 0.205
24 1 10 15.3 9.46 5.84 0.243
24 1 20 15.3 9.50 5.80 0.241
24 1 30 15.3 9.38 5.92 0.246
24 1 40 15.3 9.46 5.84 0.243
24 1 50 15.3 9.40 5.9 0.245
24 1 60 15.3 9.68 5.62 0.234
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b) As
Weight Volume Time Co Ct(mg/L .

(m9) (L) (min) | (mg/L) Mot Loiet | aw
4 1 10 0.484 0.472 0.012 0.003
4 1 20 0.484 0.482 0.002 0.001
4 1 30 0.484 0.480 0.004 0.001
4 1 40 0.484 0.484 0 0.000
4 1 50 0.484 0.476 0.008 0.002
4 1 60 0.484 0.472 0.012 0.003
8 1 10 0.484 0.464 0.02 0.003
8 1 20 0.484 0.460 0.024 0.003
8 1 30 0.484 0.450 0.034 0.004
8 1 40 0.484 0.460 0.024 0.003
8 1 50 0.484 0.460 0.024 0.003
8 1 60 0.484 0.454 0.03 0.004
12 1 10 0.484 0.382 0.102 0.009
12 1 20 0.484 0.360 0.124 0.010
12 1 30 0.484 0.348 0.136 0.011
12 1 40 0.484 0.360 0.124 0.010
12 1 50 0.484 0.328 0.156 0.013
12 1 60 0.484 0.334 0.15 0.013
16 1 10 0.484 0.500 -0.016 | -0.001
16 1 20 0.484 0.468 0.016 0.001
16 1 30 0.484 0.466 0.018 0.001
16 1 40 0.484 0.464 0.02 0.001
16 1 50 0.484 0.460 0.024 0.002
16 1 60 0.484 0.442 0.042 0.003
20 1 10 0.484 0.464 0.02 0.001
20 1 20 0.484 0.462 0.022 0.001
20 1 30 0.484 0.450 0.034 0.002
20 1 40 0.484 0.448 0.036 0.002
20 1 50 0.484 0.432 0.052 0.003
20 1 60 0.484 0.430 0.054 0.003
24 1 10 0.484 0.470 0.014 0.001
24 1 20 0.484 0.466 0.018 0.001
24 1 30 0.484 0.450 0.034 0.001
24 1 40 0.484 0.434 0.05 0.002
24 1 50 0.484 0.420 0.064 0.003
24 1 60 0.484 0.404 0.08 0.003
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C) Fe

Adsorbent Volume | Time | Co Ct q(t) (mg/mg

weight (mg) | (L) (min) | (mg/L) | (mg/L) Co-Ct | Fe203)
0 1 0 10 10 0 #DIV/0!
4 1 10 10 0.082 9.918 2.4795
4 1 20 10 0.074 9.926 2.4815
4 1 30 10 0.160 9.840 2.4600
4 1 40 10 0.138 9.862 2.4655
4 1 50 10 0.188 9.812 2.4530
4 1 60 10 0.290 9.710 2.4275
8 1 10 10 0.138 9.862 1.2328
8 1 20 10 0.308 9.692 1.2115
8 1 30 10 0.250 9.750 1.2188
8 1 40 10 0.926 9.074 1.1343
8 1 50 10 1.356 8.644 1.0805
8 1 60 10 1.142 8.858 1.1073
12 1 10 10 0.076 9.924 0.8270
12 1 20 10 0.176 9.824 0.8187
12 1 30 10 0.334 9.666 0.8055
12 1 40 10 0.550 9.450 0.7875
12 1 50 10 0.622 9.378 0.7815
12 1 60 10 0.806 9.194 0.7662
16 1 10 10 0.050 9.950 0.6219
16 1 20 10 0.052 9.948 0.6218
16 1 30 10 0.132 9.868 0.6168
16 1 40 10 0.208 9.792 0.6120
16 1 50 10 0.532 9.468 0.5918
16 1 60 10 1.210 8.790 0.5494
20 1 10 10 0.102 9.898 0.4949
20 1 20 10 0.168 9.832 0.4916
20 1 30 10 0.240 9.760 0.4880
20 1 40 10 0.296 9.704 0.4852
20 1 50 10 0.238 9.762 0.4881
20 1 60 10 0.252 9.748 0.4874
24 1 10 10 0.246 9.754 0.4064
24 1 20 10 0.316 9.684 0.4035
24 1 30 10 0.734 9.266 0.3861
24 1 40 10 1.118 8.882 0.3701
24 1 50 10 1.362 8.638 0.3599
24 1 60 10 1.630 8.370 0.3488
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Appendix 10. Adsorption capacity of heavy metals in combined adsorption using I0OP

a)Mn,

Adsorbent Time (min) Co Ct Co-Ct q(t)
weight (mg) (mg/L) (mg/L) (mg/mg Fe2053)
4 10 15.3 10.06 5.240 1.310
4 20 15.3 10.486 4.814 1.203
4 30 15.3 10.410 4.89 1.222
4 40 15.3 10.770 4.530 1.132
4 50 15.3 10.864 4.436 1.109
4 60 15.3 11.184 4.116 1.029
8 10 15.3 11.404 3.896 0.487
8 20 15.3 11.75 3.55 0.443
8 30 15.3 11.882 3.418 0.427
8 40 15.3 11.684 3.616 0.452
8 50 15.3 11.886 3.414 0.426
8 60 15:3 12.142 3.158 0.394
12 10 15.3 14.492 0.808 0.067
12 20 153 14.534 0.766 0.063
12 30 15.3 14.486 0.814 0.067
12 40 15.3 14.466 0.834 0.069
12 50 15.3 14.634 0.666 0.055
12 60 15.3 14.504 0.796 0.066
16 10 15.3 9.978 5.322 0.332
16 20 15.3 10.374 4.926 0.307
16 30 15.3 10.404 4.896 0.306
16 40 15.3 10.578 4.722 0.295
16 50 15.3 10.616 4.684 0.292
16 60 15.3 10.81 4.49 0.280
20 10 15.3 15.348 -0.048 -0.0024
20 20 15.3 14.652 0.648 0.0324
20 30 15.3 14.680 0.620 0.031
20 40 15.3 14.492 0.808 0.0404
20 50 15.3 14.522 0.778 0.0389
20 60 15.3 14.468 0.832 0.0416
24 10 15.3 13.238 2.062 0.085
24 20 15.3 14.548 0.752 0.031
24 30 15.3 14.346 0.954 0.039
24 40 15.3 14.486 0.814 0.033
24 50 15.3 14.526 0.774 0.032
24 60 15.3 14.566 0.734 0.0305
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b)As
Adsorbent | Time (min) Co Ct(mg/L) Co-Ct q(t) (mg/mg
weight (mg) (mg/L) Fe203)
4 0 0.484 0.484 0 0.000
4 10 0.484 0.010 0.474 0.119
4 20 0.484 0.010 0.474 0.119
4 30 0.484 0.010 0.474 0.119
4 40 0.484 0.014 0.470 0.117
4 50 0.484 0.046 0.438 0.109
4 60 0.484 0.063 0.421 0.105
8 10 0.484 0.010 0.474 0.059
8 20 0.484 0.010 0.474 0.059
8 30 0.484 0.010 0.474 0.059
8 40 0.484 0.010 0.474 0.059
8 50 0.484 0.010 0.474 0.059
8 60 0.484 0.010 0.474 0.059
12 10 0.484 0.010 0.474 0.040
12 20 0.484 0.010 0.474 0.040
12 30 0.484 0.010 0.474 0.040
12 40 0.484 0.010 0.474 0.040
12 50 0.484 0.010 0.474 0.040
12 60 0.484 0.010 0.474 0.040
16 10 0.484 0.010 0.474 0.030
16 20 0.484 0.010 0.474 0.030
16 30 0.484 0.010 0.474 0.030
16 40 0.484 0.011 0.473 0.030
16 50 0.484 0.039 0.445 0.028
16 60 0.484 0.047 0.437 0.027
20 10 0.484 0.014 0.470 0.023
20 20 0.484 0.025 0.459 0.023
20 30 0.484 0.036 0.448 0.022
20 40 0.484 0.032 0.452 0.023
20 50 0.484 0.048 0.436 0.022
20 60 0.484 0.027 0.457 0.023
24 10 0.484 0.010 0.474 0.020
24 20 0.484 0.010 0.474 0.020
24 30 0.484 0.025 0.459 0.019
24 40 0.484 0.032 0.452 0.019
24 50 0.484 0.041 0.443 0.018
24 60 0.484 0.039 0.445 0.019
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C)Fe
Adsorbent Time Co Ct Co-Ct q(t) (mg/mg
weight (mg) (min) (mg/L) | (mg/L) Fe203)
4 10 10 0.03 9.97 2.492
4 20 10 0.02 9.98 2.495
4 30 10 0.026 9.974 2.493
4 40 10 0.206 9.794 2.448
4 50 10 0.744 9.256 2.314
4 60 10 1.026 8.974 2.243
8 10 10 0.044 9.956 1.244
8 20 10 0.026 9.974 1.246
8 30 10 0.024 9.976 1.247
8 40 10 0.022 9.978 1.247
8 50 10 0.028 9.972 1.246
8 60 10 0.024 9.976 1.247
12 10 10 0.024 9.976 0.831
12 20 10 0.024 9.976 0.831
12 30 10 0.022 9.978 0.831
12 40 10 0.026 9.974 0.831
12 50 10 0.026 9.974 0.831
12 60 10 0.028 9.972 0.831
16 10 10 0.022 9.978 0.623
16 20 10 0.038 9.962 0.622
16 30 10 0.026 9.974 0.623
16 40 10 0.18 9.82 0.613
16 50 10 0.658 9.342 0.583
16 60 10 0.772 9.228 0.576
20 10 10 0.216 9.784 0.489
20 20 10 0.368 9.632 0.481
20 30 10 0.566 9.434 0.471
20 40 10 0.472 9.528 0.476
20 50 10 0.728 9.272 0.463
20 60 10 0.416 9.584 0.479
24 10 10 0.05 9.95 0.414
24 20 10 0.102 9.898 0.412
24 30 10 0.418 9.582 0.399
24 40 10 0.508 9.492 0.395
24 50 10 0.652 9.348 0.389
24 60 10 0.636 9.364 0.390
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Appendix 11. Adsorption capacity of heavy metals in single adsorption using I0OCS

a)Mn,
Volume (L) | IOCS | Time(min) | Ct. (mg/L) | Co(mg/L) | qt (mg/mgFe203)
(mg)
1 0.4 10 14.666 15.3 1.585
1 0.4 20 14.126 15.3 2.935
1 0.4 30 14.168 15.3 2.83
1 0.4 40 14.834 15.3 1.165
1 0.4 50 14.228 15.3 2.68
1 0.4 60 14.222 15.3 2.695
1 0.8 10 12.906 15.3 2.9925
1 0.8 20 12.92 15.3 2.975
1 0.8 30 12.922 15.3 2.9725
1 0.8 40 12.944 15.3 2.945
1 0.8 50 13.034 15.3 2.8325
1 0.8 60 13.186 15.3 2.6425
1 1.2 10 14.554 15.3 0.622
1 1.2 20 14.448 15.3 0.710
1 1.2 30 14.806 15.3 0.412
1 1.2 40 14.75 15.3 0.458
1 1.2 50 14.768 15.3 0.443
1 1.2 60 14.936 15.3 0.303
1 1.6 10 14.964 15.3 0.21
1 1.6 20 14.746 15.3 0.34625
1 1.6 30 14.802 15.3 0.31125
1 1.6 40 14.892 15.3 0.255
1 1.6 50 15.03 15.3 0.16875
1 1.6 60 15.052 15.3 0.155
1 2 10 14.956 15.3 0.172
1 2 20 15.032 15.3 0.134
1 2 30 14.85 15.3 0.225
1 2 40 14.772 15.3 0.264
1 2 50 14.876 15.3 0.212
1 2 60 14.682 15.3 0.309
1 2.4 10 14.876 15.3 0.176666667
1 2.4 20 15.312 15.3 -0.005
1 2.4 30 15.038 15.3 0.109166667
1 2.4 40 15.242 15.3 0.024166667
1 2.4 50 15.21 15.3 0.0375
1 2.4 60 15.19 15.3 0.045833333
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b)As
Volume I0CS Time(min | Ct(mg/L Co gt
L) (mg) ) ) (mg/L) | (mg/mgFe203)
1 0.4 10 0.5206 0.513 -0.01900
1 0.4 20 0.512 0.513 0.00250
1 0.4 30 0.5032 0.513 0.02450
1 0.4 40 0.5076 0.513 0.01350
1 0.4 50 0.5112 0.513 0.00450
1 0.4 60 0.5098 0.513 0.00800
1 0.8 10 0.5162 0.513 -0.00400
1 0.8 20 0.5044 0.513 0.01075
1 0.8 30 0.5068 0.513 0.00775
1 0.8 40 0.499 0.513 0.01750
1 0.8 50 0.5068 0.513 0.00775
1 0.8 60 0.507 0.513 0.00750
1 1.2 10 0.4892 0.513 0.01983
1 1.2 20 0.5212 0.513 -0.00683
1 1.2 30 0.5246 0.513 -0.00967
1 1.2 40 0.4878 0.513 0.02100
1 1.2 50 0.4802 0.513 0.02733
1 1.2 60 0.4826 0.513 0.02533
1 1.6 10 0.4996 0.513 0.00837
1 1.6 20 0.4986 0.513 0.00900
1 1.6 30 0.487 0.513 0.01625
1 1.6 40 0.4934 0.513 0.01225
1 1.6 50 0.5032 0.513 0.00613
1 1.6 60 0.4922 0.513 0.01300
1 2 10 0.495 0.513 0.00900
1 2 20 0.5054 0.513 0.00380
1 2 30 0.4968 0.513 0.00810
1 2 40 0.4882 0.513 0.01240
1 2 50 0.4948 0.513 0.00910
1 2 60 0.4974 0.513 0.00780
1 2.4 10 0.511 0.513 0.00083
1 2.4 20 0.5 0.513 0.00542
1 2.4 30 0.4892 0.513 0.00992
1 2.4 40 0.4928 0.513 0.00842
1 2.4 50 0.4946 0.513 0.00767
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C)Fe
Volume (L) | IOCS (mg) | Time (min) Ct Co qt
(mg/L) (mg/L) (mg/mgFe203)

1 0.4 0 10 10 0

1 0.4 10 0.02 10 24.950
1 0.4 20 0.01 10 24.975
1 0.4 30 0.01 10 24.975
1 0.4 40 0.01 10 24.975
1 0.4 50 0.01 10 24.975
1 0.4 60 0.624 10 23.440
1 0.8 10 0.01 10 12.488
1 0.8 20 0.802 10 11.498
1 0.8 30 0.01 10 12.488
1 0.8 40 0.01 10 12.488
1 0.8 50 0.14 10 12.325
1 0.8 60 0.01 10 12.488
1 1.2 10 0.01 10 8.325
1 1.2 20 0.01 10 8.325
1 1.2 30 0.188 10 8.177
1 1.2 40 0.01 10 8.325
1 1.2 50 0.026 10 8.312
1 1.2 60 0.01 10 8.325
1 1.6 10 0.01 10 6.244
1 1.6 20 0.01 10 6.244
1 1.6 30 0.052 10 6.218
1 1.6 40 0.01 10 6.244
1 1.6 50 0.01 10 6.244
1 1.6 60 0.01 10 6.244
1 2 10 0.01 10 4.995
1 2 20 0.01 10 4.995
1 2 30 0.01 10 4.995
1 2 40 0.052 10 4974
1 2 50 0.192 10 4.904
1 2 60 0.01 10 4.995
1 2.4 10 0.01 10 4.163
1 2.4 20 0.01 10 4.163
1 2.4 30 0.01 10 4.163
1 2.4 40 0.01 10 4.163
1 2.4 50 0.01 10 4.163
1 2.4 60 0.046 10 4.148
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Appendix 12. Adsorption capacity of heavy metals in combined adsorption using

IOCS a)Mn

Volume I0CS Time Ct Co ge
(L) (mg) (min) (mg/L) (mg/L) (mg/mgFe203)
1 0.4 10 11.532 15.3 9.42
1 0.4 20 11.444 15.3 9.64
1 0.4 30 11.362 15.3 9.845
1 0.4 40 11.384 15.3 9.79
1 0.4 50 11.106 15.3 10.485
1 0.4 60 11.434 15.3 9.665
1 0.8 10 12.308 15.3 3.74
1 0.8 20 12.544 15.3 3.445
1 0.8 30 12.474 15.3 3.532
1 0.8 40 12.528 15.3 3.465
1 0.8 50 12.176 15.3 3.905
1 0.8 60 12.684 15.3 3.27
1 1.2 10 10.616 15.3 3.903
1 1.2 20 10.922 15.3 3.648
1 1.2 30 10.776 15.3 3.77
1 1.2 40 10.672 15.3 3.856
1 1.2 50 11.124 15.3 3.48
1 1.2 60 11.138 15.3 3.468
1 1.6 10 12.564 15.3 1.71
1 1.6 20 12.43 15.3 1.793
1 1.6 30 12.328 15.3 1.857
1 1.6 40 11.88 15.3 2.137
1 1.6 50 12.556 15.3 1.715
1 1.6 60 12.316 15.3 1.865
1 2 10 11.368 15.3 1.966
1 2 20 11.858 15.3 1.721
1 2 30 11.878 15.3 1.711
1 2 40 11.604 15.3 1.848
1 2 50 12.184 15.3 1.558
1 2 60 12.036 15.3 1.632
1 2.4 10 12.278 15.3 1.259
1 2.4 20 12.3 15.3 1.25
1 2.4 30 11.88 15.3 1.425
1 2.4 40 12.28 15.3 1.258
1 2.4 50 12.214 15.3 1.285
1 2.4 60 12.288 15.3 1.255
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b)As
Volume (L) | IOCS (mg) Time Ct (mg/L) | Co (mg/L) | ge (mg/mgFe203)
(min)
1 0.4 10 0.000946 0.513 1.280
1 0.4 20 0.001338 0.513 1.279
1 0.4 30 0.000152 0.513 1.282
1 0.4 40 0.00001 0.513 1.282
1 0.4 50 0.003826 0.513 1.273
1 0.4 60 0.0077 0.513 1.263
1 0.8 10 0.00001 0.513 0.641
1 0.8 20 0.00001 0.513 0.641
1 0.8 30 0.02348 0.513 0.612
1 0.8 40 0.00168 0.513 0.639
1 0.8 50 0.00001 0.513 0.641
1 0.8 60 0.000414 0.513 0.641
1 1.2 10 0.00001 0.513 0.427
1 1.2 20 0.00001 0.513 0.427
1 1.2 30 0.017278 0.513 0.413
1 1.2 40 0.00001 0.513 0.427
1 1.2 50 0.00001 0.513 0.427
1 1.2 60 0.00001 0.513 0.427
1 1.6 10 0.00001 0.513 0.321
1 1.6 20 0.00001 0.513 0.321
1 1.6 30 0.00001 0.513 0.321
1 1.6 40 0.009552 0.513 0.315
1 1.6 50 0.00185 0.513 0.319
1 1.6 60 0.00673 0.513 0.316
1 2 10 0.003326 0.513 0.255
1 2 20 0.00001 0.513 0.256
1 2 30 0.00001 0.513 0.256
1 2 40 0.007912 0.513 0.253
1 2 50 0.02206 0.513 0.245
1 2 60 0.014478 0.513 0.249
1 2.4 10 0.000018 0.513 0.214
1 2.4 20 0.00001 0.513 0.214
1 2.4 30 0.000892 0.513 0.213
1 2.4 40 0.00001 0.513 0.214
1 2.4 50 0.000172 0.513 0.214
1 2.4 60 0.000742 0.513 0.213
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C) Fe
Volume (L) | IOCS (mg) Time Ct (mg/L) | Co (mg/L) | ge (mg/mgFe203)
(min)
1 0.4 10 0.01 10 24.975
1 0.4 20 0.01 10 24.975
1 0.4 30 0.018 10 24.955
1 0.4 40 0.012 10 24.970
1 0.4 50 0.054 10 24.865
1 0.4 60 0.14 10 24.650
1 0.8 10 0.01 10 12.488
1 0.8 20 0.01 10 12.488
1 0.8 30 0.01 10 12.488
1 0.8 40 0.028 10 12.465
1 0.8 50 0.01 10 12.488
1 0.8 60 0.01 10 12.488
1 1.2 10 0.01 10 8.325
1 1.2 20 0.01 10 8.325
1 1.2 30 0.01 10 8.325
1 1.2 40 0.01 10 8.325
1 1.2 50 0.01 10 8.325
1 1.2 60 0.01 10 8.325
1 1.6 10 0.01 10 6.244
1 1.6 20 0.01 10 6.244
1 1.6 30 0.01 10 6.244
1 1.6 40 0.19 10 6.131
1 1.6 50 0.054 10 6.216
1 1.6 60 0.118 10 6.176
1 2 10 0.052 10 4974
1 2 20 0.01 10 4.995
1 2 30 0.01 10 4.995
1 2 40 0.144 10 4.928
1 2 50 0.426 10 4,787
1 2 60 0.274 10 4.863
1 2.4 10 0.01 10 4.163
1 2.4 20 0.01 10 4.163
1 2.4 30 0.01 10 4.163
1 2.4 40 0.01 10 4.163
1 2.4 50 0.01 10 4.163
1 2.4 60 0.01 10 4.163
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Appendix 17. Photograph of co-precipitated As and Fe in water after adsorption
process using 10P and I0CS

Figure 17.A. photograph of co-precipitation As and Fe in combined heavy metals
using IOP 12 mg/L, pH=8+0.5at1 hr
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Figure 17.B. Photographs of co-precipitation As and Fe in combined heavy metals
using IOCS, pH=8+0.5at 1 hr



Appendix 18. Research plan

The work schedule conducts of this study showed in Table 5.1.

Table 5.1. Research schedule and planning

Works Description/Date

2018

2019

Jun

Jul

Aug

Sep |Oct

Nov

Dec

Jan

Feb

Mar

Apr

May

Jun

Jul

Literatures review

Thesis proposal

Adsorbents Preparation

Batch test

Study adsorbent dose and contact
time

Study effect of anion sulfate in
groundwater

Leaching test

Results analyst

Conference paper

Thesis writing

Thesis defense

Thesis revision and submission
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Appendix 19. Cost of adsorbents estimation

Approximately cost estimation of adsorbents generation was summarized in this table.

10P 1I0CS
Name Price (Baths) Name Price (Baths)
Cast iron rod 1,000 Sand 90
Transportation 600 Fe(NOz)3.9H.0 1,092
Milling process 0 NaOH 461
Total 1,600 Total 1,643




Appendix 20. Leaching test analysis
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Loading concentration (mg/mg I0P or IOCS) = (leachate con. x Volume of leaching)

/ 1Lx Mass of IOP or IOCS

1. Leaching of I0P after single heavy metals adsorption

Me Leachate V°'“F“e VO'U!“‘* Mass loading con | loading con
tals con mg/l leaching leaching IOP (ug/mg 10P) | (mg/mg 10P)
(ul) (mL) (mg) | ‘MI™I

Mn 145.4 210 0.21 10 3.0534 0.00305
As | 0.0582 140.7 0.1407 6.7 0.00122 1.22E-06

Fe 1541 483 0.483 23 32.361 0.0323
2. Leaching of IOP after combined heavy metals adsorption
Me Leachate Volume V°'Uf“e g loading con | loading con
tals con mg/l. leaching leaching IOP (ug/mg IOP) | (mg/mg IOP)
(uL) (my) | (mg) |*
Mn 190.6 325.5 0.3255 15.5 4.0026 0.004
As 0.001 325.5 0.3255 15.5 0.000021 21E-09
Fe 2166 325.5 0.3255 15.5 45.486 0.045486
3. Leaching of 10CS after single heavy metals adsorption
Meta | Leacha | Volume Volume Mass loading con loading con
Is te con | leaching leaching I0CS (ng/mg (mg/mg
mg/L (ub) (mL) (mg) I0CS) I0CS)
Mn | 0.3777 909.3 0.9093 43.3 0.00793 7.933E-06
As | 0.0102 1352.4 1.3524 64.4 0.00021 2.142E-07
Fe 0.85 894.6 0.8946 42.6 0.0179 0.00001785
4. Leaching of I0CS after combined heavy metals adsorption
Meta L eachate Volume Volume Mass loading con | loading con
Is con ma/L. leaching | leaching IOCS (ng/mg (mg/mg
g (uL) (mL) (mg) 10CS) 10CS)
Mn 0.16 1352.4 1.3524 64.4 0.00336 33.6E-07
As | 0.00334 | 13524 1.3524 64.4 0.00007 7.014E-08
Fe 1.48 1352.4 1.3524 64.4 0.0311 0.000031
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