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CHAPTER I

INTRODUCTION

1.1 Problem and inspiration Q\\E ‘V///

A petrochemical plant u il from the condensate tank of

petroleum refinery as a ra iterial to pro matic products. The wastewater
drained from this con ' rcury as high as 2,000 ppb;

i
therefore, it has to be pr 7 "i"c'.ak to receiving waters. Existing

carbon surface. —
3. Acidified wastewatéf-is then passed through a series of activated carbon

Columns |n Whlch “ efrcury 1S aasorpea and

;

combined treatment facilities to remove residual organic-pollutants in terms of BOD

" UG INYNTHY
q RN IO
-

Figure 1.1 Treatment diagram for mercury removal.



At this moment, it is found that this mercury treatment system is not quite
stable, i.e., treated effluent still periodically contains high mercury contents in the
range of 6 to 150 pg/L which are higher than the industrial effluent standard of 5
ug/L. Hence, there is an urgent need to improve or retrofit this mercury removal unit

in order to ensure that effluent mercury always complies with the standard.
1.2 Obijectives of the study

Main-objective

1. To investigatesthe feasibility of using ion exchange process to remove
mercury from condensate diseharge of petrochemical production industry.

2. If ion exchange/technology. is feasible, to determine the optimum
conditions, design criteriay and economicxéspect of the ion exchange column for field
practice. !

Sub-objectives :

1. To compare mercury. removal'éffi’ciencies of ion exchange process to
existing activated carbon adsorptief. :,- "Jf'-

2. To characterize ion exchange behavior between mercury selective and non
selective cationic exchange-resins-both-in-isotherm-bateh-testand column test.

3. To determine regeneration ability of spent-resins and their exchange

capability after regeneration for long-term usage.
1.3 Hypotheses

1. lon exchange process, particularly with mercury-selective exchange resins,
can remove mercury in selective manner.
2. Operating conditions such as solution pH and flow rate have significant

impact on mercury exchange behavior.



1.4 Scopes of the study

1. The real wastewater from the condensate tank before 5-um filtration of a
refinery plant would be used in this study.
2. Two types of ion exchange resins would be used which are Duolite C433

ererhte IRC718 (a specific resin with

Iyzid y would include pH, soluble

ry, FO Whlonde

(an ordinary weak acid cationic resi

mercury selectivity).
3. Water characteri
solids, TOC, total and sol
4. Experiments

5. Targeted pol i i tion limit of 5 ugl/l.
1.5 Expected outco

In order to re C |
from the environment. ior ] o ' ion from this experiment can
be applied in the real opera 7 '-
optimum parameters, they (f: ) to the design criteria such as the adsorbent

volume for real o tion.
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CHAPTER Il

THEORETICAL BACKGROUND AND LITERATURE
REVIEWS

2.1 Theoretical backgrounds of mercury

Today, heavy metals havebeen increasingly used for industrial purposes such
as in metal plating industryypetroleum industry, etc. In the petrochemical production
industry, mercury hasfbeen‘used as an additive in the raw materials for production.
Mercury will contaminate in the bottom;[ésidue and can pollute the environment in
large amount if improperly managed. Demand of mercury has also been increasing
rapidly in several other manufaciurers including paint, laboratory chemicals,
preservatives, and chemical test kits as Wel_l_:,ggrin mining industry. As a result, a large
amount of mercury possibly. reaches. and contaminates the aquatic environment
through improperly/inadequate treated disch;r_g/esf.r(Gupta, Singh, and Rahman, 2004)
In 2003, the USEPAjand EPRI reported that éogll-fired utilities of commercial boilers
release a large amaunt of mercury to the atmosphere, 1.e., around 50 to 55 tons of total
mercury per year in the U.S. alone. At the mean times, scrubbing waters at pH 5 could
contained up to 500 pg/L: of mercury (11) which exceeded the standards for mercury in
treated effluent and drinking water of “10 and 2 ug/L, respectively. (Ritter and Bibler,
1992; DeVitoy1997; Kudlac and Amrhein, 2000; National primary drinking water
standards, EPA, 2001, cited..in_.Nam, Salazar, and .Tavlarides, .2003). Mercury(l)
chloride is mainly produced by‘gold mining. The step ofiextraction gold by cyanide
can create mercury(ll) cyanides (Hg(CN),® , Hg(CN)s, and Hg(CN)s*) while
mercury(l) chloride, mercury(ll) sulfate, mercury(Il) sulfide, and mercury(ll) selenide
are produced by sulfide ore roasting. Its fume will attach on the fly ash, dust, and slag
which are created from this step. (Potential export of mercury compounds from the

United States for conversion to elemental mercury, 2010)



2.1.1 General information of mercury

Mercury is an element and uses “Hg” as its symbol. It is atomic number and
atomic weight are 80 and 201, respectively. Mercury is the element which has
characteristic in silver white metal with the melting and boiling points of —38.83 and
356.73 °C, respectively, so it stays in'liguid form at room temperature. (ATSDR,
2010 : online) Density of mercury at standara’ conditions is 13.534 g/cm®. Mercury
has moderate vapor pressure and its vapor 1S-ieXic,.edorless, colorless and hazard to
human and environment so_human can, expose-the toxic mercury fume accidentally.
Mercury is the major pollutani<in water. Beside, the heavy metal such as mercury is
the chemical which is not easilyto be degraded or removed by biological treatment.
From this reason, the chemical process such as chemical precipitation, membrane
filtration, electroflotation, ion exchaige, and reverse osmosis are the alternative ways.
(Gupta et al., 2004)

2.1.2 Source of mereury. -

2.1.2.1 Natural-source: sueh as volcano eruption, natural mercury
deposits, and volatilization from the ocean.

2.1.272_Human activity: such as chemical. manufacture, electroplating
industry, battery reeycling, waste treatment, coal cembustion, chlorine alkali
processing, waste incineration, oil refinery,/paint industry, pulp and paper, metal
processing and mining. (Anirudhan, Divya; and Ramachandran, 2008; Krabbenhoft
and Rickert USGS, 2009 : online).-Coal burning power is the source which emits
mercury ‘in the lldikge.amount-inthe US and-accounts‘for 50% of fuercury release via
humangactivity. In addition, burning hazardous waste and improper treatment of
mercury waste from laboratory are other routes to increase the amount of mercury in
the environment. Mercury can spread to the environment via air, soil and water.
Mercury will not stay in the environment as a pure element but stay as in compound.
Particle bound mercury can deposit back to the land via dry and wet depositions.
(Potential export of mercury compounds from the United States for conversion to

elemental mercury, 2010).



Mercury contaminate to the aquatic system, most in oxidized forms,
was concerned in late 1980°s because the aquatic lives such as fish was examined
with high mercury level in the 33 states of US as shown in Figure 2.1. Mercury can
bind to chlorine, sulfur and oxygen into inorganic form which is called salts and bind
with methyl group into organic form. (ATSDR, 2010 : online)

- Blue area = one or more mercury
ontaminate in aquatic

nvironment
\

|te area = No report

Figure 2.1 Mercur conta :
g y ! -l::"i‘l ,--"!-

consumpthr:gatabaseT Krabbenhoft and R S, 2009 : online).
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discha&]e to the water source such as river, lake or ocean by runoff.

Step 3: Mercury diffuses to the soil particles and entering to the food chain via
bacteria and plankton

Step 4: In the food chain, mercury can adsorb to the muscle tissue of fish so
human will receive the mercury upon ingesting the fish. The mercury can enter to fish
by following steps:



- Bacteria that has sulfate in the metabolism will uptake mercury
inorganic form to their cell.

-Metabolism of bacteria transfers mercury inorganic form into
methylmercury compound. From this step, it increases toxic to the human because

methylmercury is more hazard than inorganic mercury and human metabolism takes a

long time to degrade mercury in this t r
- Bacteria whi mc}r};in#/ mercury can release mercury to
7 ,

water or uptakes by the vel of cc ch as plankton, zooplankton,

herbivore, carnivore and h : umgs , onsumer so the level of mercury

nt Nman ingests because the

will accumulates at th

ury can change their form to Hg(0), Hg(ll) or
CHs3Hg by reduction on and T thonyy,
: lat '»_ fer can volatile to the atmosphere.

Figure 2.2 Fate of mercury in the environment.
(Krabbenhoft and Rickert USGS, 2009 : online)



The mercury can form to the compound in several forms. From the data in the

US, the amount of mercury compound produces in the United States (order from large
to small amount)

1) Mercury(l) chloride HgCl:

-Source: Gold mining as major source, chemical and pharmaceutical
as minor source.

It accounts for 25 metric tons«of.elemental mercury in 2004 so the
mercury(l) chloride is generated the most in the-United States.

2) Mercury(ll) sulfate HgSO4:

-Source: Chemieal manufacturing and waste treatment. It accounts for
260.8 kg in 2004.

3) Mercugy (1)) nitrate Hg(NO3),:

-Sourger Chemical manufacturing. It accounts for 88.7 kg in 2004.

4) Mercary (1) ehioride HgCl,:

-Source: Chemical manufacthrin’g. It accounts for 76.8 kg in 2004

5) Mercury (Il) acetate Hg(G;Hz;COO)z:

-Source: Chemical manufactu}ir;éf It accounts for 41.3 kg in 2004

6) Mercury. (H)exide HgO: =+

-Souree.Chemical manufacturing and-battei/recycling. It accounts for
32.5 kg in 2004.

7) Mekcury (11) iodide Hgly:

-Source: ‘Chiemical manufacturing. It accounts for 11.3 kg in 2004

8) (Mercury/ll) thiocyanate Hg(SCN)2:

-Source: Chemical manufacturing. It accounts for 6.4 kg in 2004

9)-Mercury(l)-chloride-HgCl:

-Source: Chemical manufacturing. It accounts for 1.3 kg in 2004

10) Phenyl mercury(1l) acetate CsHgHgO::

-Source: Chemical manufacturing. It accounts for 0.2 kg in 2004

11) Mercury(1l) selenide (HgSe) and thimerosal (C9gHgHgNaO,S):

-Source: Chemical manufacturing, mining waste and waste treatment.

The mercury released is unknown. (Potential export of mercury compounds

from the United States for conversion to elemental mercury, 2010)



2.1.4 Toxicity of mercury

From the report, the American people receive mercury by ingesting the fish
and shellfish in the organic form (methyl mercury). The toxicity and severity in each
person depend on following factors:

2.1.4.1 Form of mercury: such as organic, inorganic and complex
form. The organic form of merecury is the most texicity, when compares to the other
forms because methylmercury (CH;Hg) can-absorbed rapid by muscle tissue and
excretes slow from the body. \While, the elemental mercury Hg (0) is less toxic than
organic mercury but it stays in the environment higher than other form because it
brings to apply such as thermemeter; electrical switch and etc.

2.1.4.2 Healthsstatus'of people: patients are sensitive to mercury more
than normal people because their immunity are low protection such as white blood
cells are destroyed by HIVvirgs, so this people cannot persist to any pollutants same
as normal people. % 4

2.1.4.3 Agejof receptor: 'lﬁfthe baby, elder people and pregnant
women can get the toxicity from.mercury hiéh;élr':than adult because they are sensitive
and immune of the body is incomplete to work, so they have more risk.

2.1:4'4 _Duration of exposure. If the duration in exposure are long, it
has a chance that body will get the high mercury concentration and more affect to the
body such as damages-the gastrointestinal tract, kidney failure and effect in fetus.

2.1.4.5 Doseof pollutant: Ifithe body gains the high dose of mercury,
it will be affect to the bady-higher than low,dose ‘such as headache nausea in low dose
but muscle weakness, dysfunction in organ and death in high exposure. (USGS fact
sheet.146-00, 2000 : online)!

2.1.4.6 Route of exposure: It can be divided into 3 types.

2.1.4.6.1 Ingestion: mercury will affect in gastrointestinal tract
and cause the Minamata disease and Acrodynia which is the disease in children, when
they ingest mercury from broken thermometer. The symptoms are pink discoloration
of the hands and feet, irritability and photophobia.
2.1.4.6.2 Dermal contact: mercury will affect in itchy and

irritate the skin.
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2.1.4.6.3 Inhalation: mercury will affect in difficult in breathe
and destroy lung tissue in high exposure. (Ed Rook et al., 2001)
Mercury can transform by metabolism of human into several forms: (Seiler
Han, Sigel, and Sigel, 1994)
1) Oxidation of metallic mercury to divalent mercury.
2) Reduction of divalent mercury to metallic mercury.
3) Methylation of Inorganic rmeseury.

4) Demethylation of methylmereury to.divalent inorganic mercury.
2.1.5 Effect of mercUryto human health

The effect of mercupy to the human health is different based on type of
mercury L 4

2.1.5.1 Effect of elemental mercury

Target organ is brain of adult and paby. The harmful from this type
will come from breakage of product Which-l;}sresrelemental mercury in the component
such as thermometer. Elemental-mercury can véilp'or and attach to lungs which affect to
the emotion such as mood swing, nervousness, excessive shyness and aggressive,
weakness of muscle -headache, kidney and respiratory failure, death in high exposure
dose. The symptoms are grouped to chronic effect and non carcinogen.

2.1.5.2-Effect of methylmercury

Target organsis brain and kidney. This type of mercury will affect to
fetus or baby greater ithan adult by the pregnant gain methylmercury so it affects to
the brain and nerve development of fetus. The methyl mercury is called
“neurotoxicant’. fi affects to'blood both suddenly‘and‘permanent Tle results are baby
has the problem in thinking, language, memory, muscle weakness, Insensitive to
dangerous and affect to central nervous system.(Mercury Study Report to Congress
Volume V: Health Effects of Mercury and Mercury Compounds, 1997)
Methylmercury is a non-carcinogen. The chronic effects are kidney failure, irregular
movement, insensitive or sensory dysfunction and autism. (Doull et al., 1980; Mondal
and Das, 2003; US EPA, 2010 : online)
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2.1.5.3 Effects of other mercury compounds (inorganic and
organic)

It enters to body by ingestion, then absorb to gastrointestinal tract. If
exposure in high level, it will create mood swing, loss of memorization, muscle

weakness, irritate skin.
2.1.6 Metabolism of mercury in the body

Normally, elemental mereury will adsorb.to lung 80%, while liquid mercury
will ingest 1%. Inorganic.amercury absorb to kidneys, while two types (elemental and
methyl mercury) can transfer beiwveen blood brain and barrier of placenta. Due to this
process, fetus may have high mercury levelin blood since they still in placenta. In the
case of high exposurgy megcury can accumUIz__i_tes in the hair, fat tissue, and breast milk

s0 baby obtains mercury'in Righ congéniration via nursing. (Utah, 2010 : online)

2.1.7 Advantage of mercury - 7

Although, mercury is harmful to human health and environment, it still has
several advantages.such as use in part of component in thefmometer, electrical switch,
fluorescent lamp, use.as dental amalgam, produce chlorine gas, soda. Furthermore, it
can use in cosmetic-and pharmaceutical ways, for example; skin lightening cream,
antiseptic cream and ointment. (US EPA, 2010 : online; ATSDR, 2010 : online).

2.1.8 Mercury in crude oil

The mercury can stays in the crude oil and condensate gas in several forms
such as
2.1.8.1 Elemental form (Hg°) can soluble in organic solvent such as
crude oil and water. The mercury should be removing from crude oil because it will
form complex with iron and become to iron oxide which may corrode the pipe.
2.1.8.2 Organic mercury (R-Hg-R, R= CH; C;Hs) such as dialkyl

mercury, dimethyl mercury, diethylmercury commonly found in organic phase, so it
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can highly soluble in crude oil. It is more toxic than inorganic mercury. (Zettlitzer,
Eiden, and Falter, 1997).

2.1.8.3 Inorganic mercury (R-Hg-X, X= halide, sulfate or -S-R) is
the mercury form complex with chlorine, sulfur, or oxygen such as monoalkyl or
monoaryl mercury. It can dissolve in polar solvent. For example, mercuric chloride
such as monomethylmercury halides prefers to soluble in water than elemental
mercury 10 times.

2.1.8.4 Complexed form (Hgk-and.HgK,,K = organic sulfide, thiol,
thiophene or mercaptan) Mereury in this type can found in some crude oil and
condensate gas.

2.1.8.5 Swuspended mercury compound such as mercuric sulfide
(HgS). It is insoluble in grude oil and water because it is suspended solid. (Wilhelm
and Bloom, 2000) ¥ .

The physical and ghemical propertiés'of several mercury compounds. It can be
seen that different types of mercury comp{);undrs have different properties including

solubility, density, boiling point;meliing poiht,’éic as shown in table 2.1.

Table 2.1 Physical @né chemical properties of some mercury compounds.
(US EPA, 2007)
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2.2 Principle of ion exchange

lon exchange comes from the principle that one ion is removed and another
ion is replaced. The ion exchange reaction creates the several changes such as ionic
state of a resin, properties of swelling of water, ion hydration and co-ion
uptake.(Harland, 1994) The resin is the small porous materials which has insoluble in
water and organic solvent properties. The materials are used to produce the resin
based on polystyrene and. polyacrylate. The.monomers is crosslinked together and
create the porous. The more crosstink will create-more porous and adsorptive capacity
so ion can absorb to the sesin.in good performance. This enhances physical strength
and less swelling in water. The resin is also called “absorber.” Normally, it has 50%
of water and gel components The 1on which is good in absorb should have a high
molecular weight. (Eckenfelder and Wesley, 2000). The rate of adsorption is

controlled by rate of diffusign. The structure of the pore is shown in Figure 2.3.

Figure 2.3 Structure of macropore and micropore in the resin.
(Neumann and Fatula, 2009)

Due to the bead of resin-has lots of small pore, 'it-increases surface area and
capacity in adsorption. The monomer unit of resin polymer composes of polymer
backbone, functional groups which attaches with exchange ion either cation or anion.
When the functional group bond to ion, they can bind together with weak electrostatic

forces, so the ion can easy exchange as shown in Figure 2.4.
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polymer-
backbone functional
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©0+0 «—= O+

Figure 2.4 Structure of monomer of the resin: white ball is original ion of resin,

red ball is exchange ion. (Netumann and Fatula, 2009)

2.2.1 Type of ion exchange resin

lon exchange resin .can be classified into several groups according to
categorizing criteria.
2.2.1.1Based jon type of ion which exchange in the process, ion
exchange resins can be separated into 2 tyﬁgsi
2.24.14 €ation exéhahge resin: The type of resin which
interchange positive ion. It'has acid funct:if:;r_jal_group to exchange with another ion
such as carboxylic (-COOH), suIfohic(—SOﬁ)ﬁﬁﬁosphonic group (-PO(OH)y).
2.2.1.1:2-Anion excﬁaheje- resin: The type of resin which
interchange negative-ion. It has basic functional group to-exchange with another ion
such as amine. (Eckenfelder and Wesley, 2000; Neumann.and Fatula, 2009)
2.2.1.2-Based on activity of functional group: it can separate into 4
types:
2.2.1:2.1 Strong acid-catign exchange resin: This type acts as
strong acid so“fonization well and independent on pH, for example, acid (R-SO3H)
and salt (R-SO3Na,)
2.2.1.2.2 Weak-acid cation resin: This type acts as weak acid
so ionization weak and dependent on pH. Because of weak acid cation resin, it
operates well in pH range 5 to 10, for example, carboxylic group (-COOH) or Duolite
C433 resin which is used in this research.
2.2.1.2.3 Strong base anion resin: This type acts as strong

base so ionization well and independent on pH, for example, hydroxide group (-OH).
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2.2.1.2.4 Weak-base anion resin: This type acts as weak base
so ionization weak and dependent on pH.

Apart from ordinary ion exchange resins, heavy metal selective
chelating resin is also produced for specific purpose. This resin acts similar to weak
acid cation resin, but it has high affinity to heavy metal ion by using EDTA as
chelating agent to bind with heawy metal ion to create the complex compound.
(Eckenfelder and Wesley, 2000)

-
2.2.2 Mechanism of funectional group

The functional gretip of resin will bind with ion. tightly or loosely depending
on the selectivity and affinity to the ion. Resin which has the amino diacetic acid as
the functional group®will" bind" to ’Cuz‘,l* and Hg™* greater than Na®. When the
wastewater has the Cu”f, the functional gr‘bups will affinity to copper ion greater than
Na" by electrostatic force and copper ion b?'nd*s; {0 electron pair of nitrogen atom. The
ion exchange occurs until the funétional:'g’_;t?ug saturate with copper. This point is

called “equilibrium or mass actien effect.” £§56an in Figure 2.5.

~ \— CH,-N| % Cu?*
< "CH,-CO-ONa ~
q LCHrBO-OC
I N -cdipbauped ¥4 -L Cu' |42 Na*
“CH,-c0-0”

Figure 2.5 Mechanism of ion exchange resin between functional group and exchange ion.
(Neumann and Fatula, 2009)
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Table 2.2 The affinity of cation and anion exchange from most to least preference

(Clifford, 1986)
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2.2.3 Factor affect on adsorbability

2.2.3.1 Solubility of substance which is inversely correlated with
adsorbability. (Chiarle, Ratto, and Rovatti, 1999; Eckenfelder and Wesley, 2000)

2.2.3.2 Structure of adsorbed substance such as branch structure will
absorb greater than straight structure.

2.2.3.3 Substituent group, hydrexyl and sulfonic reduce adsorbability
whereas the nitro group increase adsorbability.

2.2.3.4 Size of substance, i.e., larger size can absorb more than small

size.

2.2.4 Factors affget ign exchange capacity

2.2.4.1 Size and charge of exchange ion (Mondal and Das, 2003): the
larger size and more charge ion-has selecti\-/i'tyfto exchange more than small size and
less charge ion. -

2.2.4.2 Type of activity of furicti&nal group (Jiang et al., 2006): strong
acid and strong base exchange in-depend on pH, while weak acid and weak base
exchange depend on-pH

2.2.43_Concentration of exchange ion _in solution: More ions in
solution enhance more‘exchange ion.

2.2.4.4 Temperature (Pehlivanand Altun, 2006): High temperature will
catalyst ion exchange occurs rapidly.

2.2.4.5 Contact time(Donia, Atia, and Heniesh, 2008): Long contact
time‘can‘support gxchange ion, until saturate; so the resin could use-in full capacity.

2.2.4.6 Amount of resin (in batch operation): More amount of resin can
reduce the pollutant concentration, so it increases exchange capacity.

2.2.4.7 pH of wastewater (Shi et al., 2009): pH of wastewater has the
effect in form of ion and the exchange capacity will depend on form of ion.

2.2.4.8 Flow rate of treat solution (in column operation): Low flow rate

will support the effective of exchange capacity.
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2.2.4.9 Resin depth (in column operation) (Rivas et al., 2010): More

amount of resin depth will support the more exchange ion.
2.2.5 Regeneration process

The regeneration process is the method for exchange the former ion (such as
Hg**) with original ion of resin (such as H)..The chemical substance which uses in
the regeneration is called. “regenerant.” The-régenerant can be acid, salt brine or
alkaline solution. In this researeh; the regenerant is HCl which will provide the proton

(H" to the resins and forcerthe.rélease of mercury ion (Hg”").

2.3 Technology for remoyve mercury

When mercury contaminate to water source the basic techniques commonly
use — 9

2.3.1 Precipitation tréatment process

This technique can remove mercury by adding -chemical substance into the
solution to transformi“mercury from soluble form to ins6luble form (such as HgS).
(Potential export.of mercury.compounds from, the. United. States for conversion to

elemental mercury;2010)

2.371.1 Sulfide precipitation
This method can remove mercury in inorganic form by using sodium
sulfide or other sulfide compounds. This added compound will convert mercury from

soluble into insoluble form of HgS as shown in the following equation:

Hg™"+ S* = HgS 1)
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After the precipitation, the remove of solid particles will follow which

can be accomplished by centrifuging, filtration, or sedimentation.

Disadvantages:

- This technique depend on the influence of pH by the removal
efficiency is reduced at pH > 9 so the aptimum pH for operation is neutral pH.
(Patterson, 1985 cited in Osantowski et al.; 1997)

- This technigue eannot reduce.mercury to 10 to 100 pg/L level.

- This technigue-eannot freat the mercury concentration below 10 pg/L.

- It needs torremoVe solid residue whieh increases treatment cost.

- From thesstoiehiometric equation, the sulfide product is a toxic
substance to human and eavironment. =~

- Products peed further reT‘hegiation before suitable for final dispose;
hence, increasing the owverall gost. in addj_tibn, after landfilling, mercury-containing
leachate may contaminate t0 water SOUFCE. “(Hansen and Stevens, 1992 cited in
Osantowski et al., 1997) - _

Efficiency of removal: 95—99;_967{6"in well operation and maintenance.

2.312 Coagulation/co-precipitation

This technique combines the co-precipitation and adsorption together
relying on ion attachmient onto solid surface. Coagulant-normally used is aluminum
sulfate (alum), iron salts (ferrous or ferric salts) (Patterson and Ford, 1992) and lime.
Removal efficiency: depends on the structute of solid, pH of eoagulant surface and
solubility of mercury compounds. (Potential export of mercury compounds from the

United| States for conyersion‘ta elemental mercury, 2010)

Disadvantages:
-This technique is complicated and requires several steps.
-High cost for the large scale.
Removal efficiency: 94-98% for alum and iron
70% for lime (Patterson, 1985)
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2.3.2 Adsorption process

This process uses adsorbent to adsorb the mercury. This technique has an
ability to catch mercury from liquid or gas phase. The popular adsorbent used is
activated carbon. Nonetheless, new alternative adsorbent materials are also available
including bicarbonate-treated peanut hull, carbon (BPHC), modified Hardwickia
binata bark (MHBB), coal fly ash, and the'forager sponge. (Namasivayam and
Periasamy, 1993)

2.3.2.1 Activated carbon

2.312.14 Granular activated carbon (GAC): GAC is the
most common for use. This eargbon can be applied in a continuous-flow manner as
shown in Figure 2.6. L 4
-/Downflow in series: Columns. connect in the series and
wastewater flows from the top of @ne columin'to the bottom and sequentially to next
columns. - 7

- Moving bed: Activatéd"'(l;érbon will be subjected to adsorption.
The limitation is amount of erganic in the wastewater should be low because this type
carbon cannot backwash.

- Downflow in parallel: Columns stay in parallel and the
effluent after treated-will mix with effluent from another column until reaching the
desired concentration.

- Upflow expanded in seriesi This type performs similar to the
downflow but“the wastewater flow in the opposite direction. The wastewater is
pumped “from the, bottom of, the column, treated with ‘activatéd| carbon, and the
effluent will flow out from the top. It is suitable for wastewater containing high

suspended solids.



21

Figure 26/ ilar activ column design.

n (PAC): PAC is often
added directly to the s .popule egenerate for reuse because of poor

¢ 10 mg/L to 23 pg/L
(Campanella et al.,"1986), fror ravanti et al., 1987) and from
6.3 mg/L to 0.01 mg l (Macchi et al., 1985) However, tf
treatment sutﬁs sediméntation, filtration. &

g INEINT

2.3.23.1 Bicgtrbonate-treateg peanut hull &arrbon adsorbent
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2.3.2.3.2 Modified Hardwickia Binata bark adsorbent (MHBB)

s technique needs additional

w

(Anon, 1986)

2.3.2.3.3 Coal Fly Ash Adsorbent (Sen and De, 1987)

2.3.2.3.4 Forager Sponge Adsorbent

All of these methods are not popular to use because low
efficiency
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2.3.3. lon exchange process

lon exchange process is the reversible interchange of ion between the solid
and solution phase. If ion exchanger is M"A". A" is the exchange ion and B” has in the
solution phase, so the ion exchange will occur by A" and B exchange together.
Finally, B" will attach with M" which' has opposite charge. A" and B* are called
counter ion. M" is called insoluble fixed anionic gomplement of the ion exchanger or
called fixed anion. In the solution phase, the4en which has same charge as in fixed
ion is called co-ions. From the above, cation-will exchange, so it is called cation

exchange. The reaction presents‘as in following equation.

M £ f B A AWBs B A

solid / selution | solid solid

While, the anion exchange occurs by anion A" in the solid phase will exchange
with B’ in the solution phase. Finaity B attébhgs with M* by electrostatic force(weak
force in order to easy exchange) -and A will prééent in the solution phase instead. The

reaction presents as.in following equation.

MA+ B = MB + A

solid solution solid solid

The ion exehange ‘reaction-between counter ion ‘will “occur until two ions
exchange in equivalents amounts. (Harland, 1994)

The resin;which has the iminodiacetic acid and thiol group(-SH)as functional
group, 'specific to mercury(ll) rather than calcium and magnesium hence, resin has
functional group like this suits for mercury removal. In generally, the ion exchange
resin perform as continuous system by use column for industrial scale, while the batch
test often perform in laboratory scale in order to find the optimal condition for best
operation.

The ion exchange treatment has the cycle in several steps.
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2.3.3.1 Service step: resin will contact with the mercury in wastewater
and ion exchange reaction occur depend on the affinity of functional group. The
example of affinity of commercial resin as shown : (Calmon, 1981)

Amberlite IRC-718:
Hg*">Cu*>Pb**>Ni*">Zn*>Cd**>Co?*">Fe?*>Mn*">Ca’*

The ion exchange will aceur until the concentration of effluent reach to
breakthrough. The operation is stopped. In thes€column operation, breakthrough is the
point that exchange resin saturate with the ion-and the concentration of contaminant is
higher than the desire concentration. ‘When-the experiment reach to this point,
operation is stopped and regeneration resin is occurred.

2.3.3.2 Backwash step: This step oeccurs by use distilled water to
make the resin disperse and remove.any particle which clog to the column by use flow
rate greater than the service step. L 4

2.3.3.3 Regeneration Steps This step occurs by use dilute acid such as
HCI or H,SO4 or any solution that suits for regeneration. This chemical substance is
called regenerant. The objective efthis step'ifeturns the resin to the original form and
adsorb ion will release. :7 "Jj':

2.3.3.4 Rinse step: This step oceurs by use distilled water to wash the
column so as to flush the residual regenerant from coltimn. After that, resin readies to
use in next cycle. (ECkenfelder and \Wesley, 2000)

In the-anion exchange resin, (Sorg, 1979) reported that chloride content
in the wastewater can incréase the efficiencya@f removal mercury in complex mercuric
chloride form. While anion.content should he low, if cation exchange perform.

Advantages:

1 Thie operation,is stable and easy to perform.

- The removal efficiency is high near 100%

- Resins which use in the ion exchange have several type ,so resins
have capacity to treat various chemical substance.

Disadvantages:

- Unsuitable for high total dissolve solid in wastewater.

- Efficiency of removal depends on quality of effluent.

- Spent regenerant cannot reuse again.
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Removal efficiency: 95-99.9%
2.3.4. Other treatment processes

2.3.4.1 Chemical reduction: This technique uses the reduction
process to reduce soluble ionic mercury to solid element mercury which can be easily
separated from wastewater. Several reducing agents can be used such as aluminum,
zinc, and iron, hydrazine, stannous chloride, and“sodium borohydride.
Disadvantages:
- This treatmeni process requires extra polishing steps, so increasing
treatment cost.
- This technique cannot reduce the mercury to below 100 pg/L.
Remoyal efficiency: 92-98%
2.3.4.2 Membrane Separa{_ioh
2,342 Ultrafiltration *
2.3.42.2 Chatged fi I'tf:;;tion
2.3.4.2.3°Crossflow rriig;r-’()lfiltration
2 3.4.2:4 Magnetic filtration
2.3.4.2.5 Reyerse 0smosis
2.3.4:3 New mercury treatment technologies such as
2.3.4.3.1 Macrocycle technology
2.3/4:3.2 Biological treatment system:
2.3.4:3.3 Membrane extraction:
Disadvantages: Bacteria cell takes time and needs optimum condition
to grow, ‘it cannot-esist in extremely conditian.

The summary of the performance of various treatment techniques in removing
mercury in water. It shows the ion exchange can reduce mercury down to 0.5-5.0
pg/L level which is the lowest concentration among all other technology. So, ion
exchange technology is a very promising method to remove mercury; thus, it is
selected in this research. There are several kinds of mercury-specific exchange resins
commercially available in global market as shown in table 2.3. Nonetheless,

Amberlite IRC-718 is selected due to its availability in local market and relatively low
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cost. In addition, the Duolite C433 which is a non selective resin is also used for
comparison purpose. The objective in this study is to characterize the adsorption
behavior of both resins regarding on mercury adsorption in both batch and column
reactors.

Table 2.3 Summary of effluent mercury concentration from various treatments.

Mercury removal technology Mercury concentration of effluent
(Hg/L)
1. Sulfide precipitation 10 to-100
2. Co-precipitation 0.5t05.0
3. Activated carbon adsorption 0.5 to 20
4. Starch xanthate adserption Sto 20
5. lon exchange 05t 5.0
6. Reduction 10°to >100
7. Membrane separation Efficiency of removal mercury 80-90%

Table 2.4 Summary of the éfficiency in mercury removal.in each technology. (US
EPA, 1997)

Initial Achievable Removal
Treatment Methods Concentration | Concentration (%)
(Te7h)) (ngft)
Sulfide precipitation
o 300-50,000 10-100 95-99.9%
(+filtration)
Co-precipitation+
) 50-500 0.5-5.0 94-98%
coagulation
Activated carbon adsorption 10-10,000 0.5-20 >80%
Xanthate adsorber adsorption 10-100 5-20 80%
lon exchange 200-70,000 0.5-5.0 95-99.9%
Chemical reduction 1,800-5,000 10->100 95-98%
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2.4 Property of selected cationic exchange resins (use information from technical

sheet of Rohm and Haas company).

In this research, the resins are used in 2 types

2.4.1 Duolite C433 resin

It is the weak acid eation exchange™ resin (use as reference) (Habova,
Melzoch, and Rychtera, 2004).

Properties

Remark: BV's

-,

Functional®grotip/ is /the ‘carboxylic group(-COO)

The matrix is' polyacrylic acid crosslinked with divinyl benzene.

(—CH2-CH-COOH-)_n. Thefst[ucture Is shown in Figure 2.8. (Gupta et
1., 2004) A

moist golden translucent beads form

The total exchange capacﬂy |s 4 2 eq/l H' form.

The operating pH range is &10

The-operating temperature I|m|t' 120°C.

It has affinity to bind with any 2+ ion.

Flowz rate for service run is 5-40 BV/h

Flow rate for regeneration is 4-8 BV/h by use 2-5% HCI.

bed volume, volume-of 'column

This resinyis tsed in this,study.because specific selectivity'to;certain ions or

groups‘of ions and often bind to inorganic chemical.(Matsumota, Weber, and Kyles,
1989; Allen and Brown, 1995; Lai, Lo, and Lin, 1994) It can bind with any divalent

caions including Hg?* but does not have specific affinity to Hg*".
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Figure 2.8 Structure of.Duolite C433 resin.

After, resins are saturated with r}\ercury ,50 resin will be backwashed with DI

water 15 mQ by flow sate igher than flow of regeneration. The process for

regenerate by use flow rate 015% HCI (regenerant) at flow rate of 8 BV/h or 400 ml/h

or 6ml/min, time 60 minutes JAfter.that, resin will be rinsed with DI water 15 mQ at

flow rate 1,000 ml/h.time 80 minutes. The‘n,d_measure the pH in range 4-5 in order to

ensure that resin has pot residual regené[aht. Finally, resin will be dried at room

temperature.

2.4.2 Amberlite IRC-718resin

"
il

cad B

It is the commercial chelating cation exchange resin.

Properties

Functional group is iminodiacetic acid.(Park and Cha, 1998)

The matrix is styrene-divinyl benzene. The structure is shown in
Figure2.9..(Doreeny 1993)

Hydrated, opaque' beads forim

The total exchange “capacity is let meg/mL H form.

The' operating. pH range, 'is/1.5-14.0

The operating temperature limit 70°C.

It has affinity to bind with heavy metal ion than sodium,
potassium, calcium and magnesium. It selects to Hg®* ion than
calcium 43,000 times at pH 2.

Flow rate for service run is 8-32 BV/h

Flow rate for regeneration is 2-4 BV/h by use 5-15% HCI
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This resin is a chelating resin with good stability, high capacity in adsorption,
greater selectivity with heavy metals, less swelling and can perform in wide range of
pH. From these advantages, it enhances to recover heavy metal easily. (Voutsa et
al.,1988; Agrawal and Sahu, 2006) Its structure is macroporous (macrorecticular)
which enhances its resistivity to osmotic shock and short diffusion paths. This effect
can be observed in the improvement of Kinetic process. (Malla, Alvarez, and
Batistoni, 2002) This resin is used to performin.this research because it has higher
affinity to Hg®* 43,000 times than Ca®*, the-most.found divalent cation in typical
wastewater, at pH 2 and it can-also foan chelates with the ion which enhances resin
binding and heavy metal siability. (Agrawal and Sahu, 2006)

Sorption charactgristiciand efficiency of removal depend not only on pH, time,
amount of resin, but alsoronsSize ‘of the chelate ring, metal atom, number of donor
atoms/bonding site om'the reagent, type of donor atoms (hard or soft), oxidation state
of the metal ion, nature of the solvent:";_ahd etc. (Park, Chung, and Cha, 2000)
Therefore, it is importagt to determine the optimum conditions for ion exchange
which varies from wastewater te wastewaféﬁ In addition, sorption equilibrium and
transfer process of metal ions between the li@u}a"phase (wastewater) and solid phases
(resin) are also needed to be Clarified. (RaWat—énd Muktawat, 1981; Masaaki et al.,
1984; Khan and Singh, 1987, Rawat, Ahamd, and Agarwal, 1990; Heonles et al.,
1997)

0
CHs- O
A FVhaa
R-CH,-N
Y Na
EHpCC
0

AY iminodiacetate

Figure 2.9 Structure of Amberlite IRC-718 resin. (Leinonen, 1999)

After, resins are saturated with mercury, so resin will be backwashed with DI
water 15 mQ by flow rate greater than flow of regeneration. The process for

regeneration by use 10% HCI as regenerant (for this experiment) at flow rate of 4
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BV/h or 200 ml/h or 3ml/min, time 60 minutes. After that, resin will be rinsed with DI
water 15 mQ at flow rate 1,000 ml/h time 30 minutes. Then, measure the pH in range

4-5. Finally, resin will be dried at room temperature.

2.5 Adsorption isotherm

2.5.1 Adsorption isotherm modelip batch reactor

-
2.5.1.1 Freundiien model
Freundlichwequation is @ model for non ideal adsorption between

heterogeneous surface. (Kitsanguan, 2067) Freundlich adsorption equation is shown

as follows: (Eckenfelder and Wesley, 2000; Gupta et al., 2004)

e
st
M

e

(a)

.
il S|

" F )
ald ¥l

where: ge = amount adsotb per un@é?ght of adsorbent
Ce concentration of subsﬁgthéém equilibrium solution per milliliter
K a,nd;in =  Freundlich constants depend_i'hg on the adsorbent,

temperature and substance to be adsorbed and are the indicators of sorption capacity

and adsorption intensity, respectively. !
Logarithm ef equation “a” yields a linear form of Freundlich isotherm

as shown below: (Osantowski et al:; 1997)

log g, =log K + % log C, (b)

The Freundlich parameters “k” and “n” can be determined from the

intercept and slope of the plot between log X/M and log C..
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ge (mg/g)

ium phenomenon between
-,{ The Langmuir adsorption

or et al., 2008)

(©)

7
Where: qm =B‘1&XI nu

Qe = sg,rptlon capacity

of the adsorbﬂ prgg ? ?Tﬂ W“W ET‘] ﬂﬂese”“”g an affinity
AR TSR e

he linear form of equation “c” can be presented as follows: (Kitsanguan,
2007)
1 1

qe - qmax (qu Ee (d)



2.5.2 Adsorption kinetics in column reactor (Bohart and Adams
relationship)

It uses for analyze the activity of continuous operation is shown as follow.

In(g—"—l = In(e" MV —1) - KC,t

Because e "*/Vis gre: ) /} quation can transform to

-

AR INYNNT
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Adsor[ﬂve capacity No calcuéate from slope and rate constant K from intercept

“"ﬁ%’]ﬂﬂﬂimﬂiﬂ[’l’z]ﬂmaﬂ

t = service time

v = linear flow rate
X = bed depth

K = rate constant

No = adsorptive capacity
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Co = influent concentration
Cg - allowable effluent concentration
EBCT = empty bed contact time (Eckenfelder and Wesley, 2000)

2.5.3 Scale-up approach

This method used for design column: in laboratory scale for real operation.
Fornwalt and Hutchins (1966) created for.carben adsorption column. The advantage
of this method was simple and requires a few experimental data. This method referred
that liquid flow rate in.derm 0f.bed volume per unittime (Qp) and contact time (T;)

equaled to &/Qp equaledin between testiand design column. It could be assumed that

volume of liquid treateéd per unit mass of adsorbent (\}B) equaled between test and
design column. In generally, /\Qp was Q.23O bed volume per hour and it could
calculate from breakthretgh velume, théj.-sdiute concentration, the maximum solid-
phase concentration. The equation. for th'i;_;_de_sign procedure could show as follow.
(Reynolds and Richards; 1995) ¥

ol 4

2 dd

The contact time was computed from

Where, € = por¢ fraction

The bed volume of design column’equaled to

Bed volume (BV) = Qg

Where, Q'='design liquid-flow'rate
Mass of adsorbent for design column (M) equaled to

M = (BV)(ps)
Where, ps = adsorbent bulk density
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The volume of liquid treated per unit mass of adsorbent, Ve equaled to
gy Vv
Vg = &
M
Where, Vg = breakthrough volume for allowable effluent solute concentration

M = mass of adsorbent in test column

The mass of adsorbent exhausted per hour fer.design column (M) equaled to

Mt:(?

VB

Where, Q = design liguid-fiow rate

The breakthrough time (T) computed from
N _'\,1_
.Mt

Where, M = mass of adsorbent in design column

The breakthrough volume (Vg) computed from ;
Ve =QT

2.6 Literature Reviews

Related articless

2.6.1 Resin‘treats Mercury

2.6.L.1 |This. [research 'reported | that | weakly = acidic and
polystyreneldivinylbenzene cation resin with thiol (SH) functional groups could
reduce mercury from 200 to 70,000 pg/L to 1 to 5 pg/L with a pretreatment with 0.2
pm filter. The wastewater came from defense facility wastewater. Efficiency removal
accounted for 99.5% (Ritter and Bibler, 1992)

2.6.1.2 This paper removed mercury by using Amberliter IRC 718

(similar to this study). This resin selectively removed mercury with high efficiency at
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low pH. They studied effect of pH by use synthetic wastewater which added
concentration of HgSO, same as smelter wastewater and vary pH 1.3, 1.5, 1.7. In the
column operation, they tested with synthetic wastewater contained ZnSO,, HgSOs,
FeSO, or Fey(S04)3, , CdSO4, Pb(NO3), and NaF with 2 g of resin at 12 BV/h. While,
they use smelter wastewater as real wastewater with 8 g of IRC-718 flow rate 19-20
BV/h. The results showed that when increased pH from 1.3 to 1.7, the desorption of

Hg from resin decreased from 4.8% to 1.5%@sshown in Figure 2.11

Figure 2.11 Effect of pH onHg leakage from IRC-718. Feed: 210 bv of 9.5 mg/l Hg(ll)

in sulfuric acid. Flow 12 bv/h.

When"the Amberlite IRC 718 was used, mercury could be reduced
from 11,800 pg/L to 15 -.35 ug/L.without.any pretreatment. The removal efficiency
was high because~the.iminodiacetic acid functional groupfwas highly selective to
mercury(ll) rather than other ions in the wastewater. Removal efficiency accounted
for 99.8%. (Becker and Eldrich, 1993)

2.6.1.3 This research studied adsorption characteristic of Duolite C433
to Hg**, Pb*, and Cd®* in synthetic wastewaters at different temperature. The results
showed that when increased the adsorption time, the removal capacity of heavy
metals (Hg? Pb®* and Cd?*) increased until reaching a plateau at 90 minutes for
mercury and lead, and 75 minutes for cadmium as shown in Figure 2.12 Adsorption

isotherm test showed that resin could adsorb mercury better as the temperature
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increased up to 40°C but declined when further increased to 50°C. Adsorption
behavior could be sufficienctly explained by Freundlich isotherm. From the
thermodynamic point of view, it was found that the AG® for adsorption was negative
meaning the adsorption reaction could occur spontaneously under the studied
conditions. The AS° was positive meaning an increase in disorder degree when
sorption happened at the solid/solution interface. It also increased with temperature
and, thus, the reason why the adsorptionseificiency increased as the temperature

increased. (Gupta et al.,2004)

Hg**
Pb?*
cd*

Figure 2.12 Effect Sfequthprium-time-on-the-sorption=ef-q(11), Pb(Il), and Cd(1I)
on Duolite C-433.

2.6.1.4 This*research studied-about the specificity of ion exchange
resin to remove heavy metal included lead(l1) Pb?*, mercury(H) Hg®*, cadmium(ll)
cd®, nickel(1) Ni?*, vanadium(I\4,V) V* | V°* chromium(llL,\VI) Cr**, cr* |
copper(1H) €%, “Zinc(11) 1Zn?" The “researcher ‘compared  the joh 'exchange resin
method with other methods such as conventional method : precipitation. This did not
suitable for low concentration of mercury because these ions were precipitated as
hydrated metal oxides or hydroxides, sulfides or xanthiogenates using calcium oxide.
While, flocculation or coagulation would created the large amount of sediment heavy
metal. It needed treatment these sediment in the final step, which created more cost.
In sometimes, all of heavy metal did not precipitate with coagulant because in the

water after treatment still had ion of heavy metal in 2-3 mg/dm?. (Fabiani, 1992 cited
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in Da browski et al., 2004) Whereas, ion exchange resin could remove ion by
selective manner, so the removal efficiency would higher than other method. The
advantage was easy method and can remove heavy metal especially in mercury. Even
though, it had traces of impurities from solutions. Mercury appeared in the form Hg**
and Hg?*,. lon exchange resin suited for low concentration of mercury in the large
volume of wastewater. Besides, resin had several types such as strong and weak acid
cation exchange resin and strong and weak /basic.anion ion exchange resin so it can
worked in wide range of pH.(Gardiner and Munoz, 1971 cited in Da browski et al.,
2004) such as Imac TMR (Akze Zout) was selective removal of Hg(ll) ions. It was a
styrenedivinylbenzene cgpelymer with thiol(-SH) and sulphonic as functional groups.
Because of thiol group, imercury could remove in high amount. The residual mercury
concentration in effluentswas 0.5-5 ppb, 'meanwhile the precipitation treatment by
sulfide could achieveto 1-8'ppb./Dowex A-1 was the resin that had iminodiacetic acid
as functional group. This greup had high affinity to Hg(ll) ions (Rengan, 1997 cited in
Da browski et al., 2004) % 4

2.6.2 Resin treats other heavy meta:l,
2.6:2.4_The general method for treat heavyinetal are ion exchange and

chemical precipitation, but the advantages of ion exchange which was over the
chemical precipitatiofi‘were selectivity, produced less amount of sludge. This paper
used Purolite C100 for freatment the Ce**, Fe®* and Pb?*. These metals contaminated
to the wastewater. from metal industry. -Purolitt '\C100 was Polystyrene-divinyl
benzene and sulfonic acid as functional group. The objective of this study analyzed
the influenge’of ¢hiarde inithe Wastewatef! (C&*1, Fe* and’ Pb®"), Alhich! affect to the
efficiency in the remove of heavy metal of Purolite C100 resin. This resin was added
into the synthetic wastewater composed of Ce**, Fe** and Pb?* and shake this flask 24
hours or until it was equilibrium. The results showed that the Ce** could adsorb
maximum then Fe®*" and Pb?" respectively because of the charge density of cations
and the diameter of hydrated cations. When the diameter of hydrated cations was less,

the adsorption capacity was greater the large in the diameter. (Abo-Farha et al., 2009)
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2.6.2.2 The copper ion was found in the wastewater such as mining,
plating baths, coal burning, wire manufacturing, steel manufacturing, fertilizer,
pigments, printing circuits and paints. The wastewater from this factory could
contaminate to the food cycle so the technology for removal copper(ll) ion was
interested. The ion exchange resin was the popular method because the chemical
reaction by ion exchange could occur rapid and easy in operation. However, the
efficiency would go the best. It depended on.the specificity of resin to the ion. The
chelating resin suited for removal heavy metal-because multi-adsorbing function. This
paper would focus on the synthesis of resin from melamine—formaldehyde hydrogel
modified with nitrilotriaceti€ aeid (NTA) because Gurnule et al., 2002 stated that the
melamine-formaldehyde had the properties in removal Cu(ll), Ni(l1), Co(ll), Zn(ll),
Cd(Il), Po(ll) and Fe(il)«The synthesis resin method used melamine, NTA, acetone
and guaiacol by using the high temperature as catalyst to support the chemical
reaction. After that thesSynthesized resin was used to remove copper(ll) ion in the
synthesis wastewater by wvary temperature,-pl-’{ and initial concentration. The results
showed that the grains of MF-NTA gel 'r'ésin were white and insoluble in water,
acetone and ethanol. Beside, it cotld resist in d}'iﬁte acid or base. When the adsorption
of copper (I1) ion occurred the-resin would change in color from white to light blue.
The resin had high performance between pH 3-6 by the-maximum was pH 6. The
efficiency would decrease, when the pH higher than 6 because hydroxide
precipitation. When the temperature and dose was high, the adsorption capacity would
high together. The resin‘could form stable in-hormal temperature and high specificity
toward the capper(l) jon. (Baraka, Hall, and Heslop, 2007)

2.6.2.3"The vanadium* (V) was|the transition meial ‘which had the
strongtoxicity. It came from the ceramic, glass, and textile industry. In previous
study, Qian et al.,2004; Manohar et al., 2005 and Dogan et al.,2006 used the chitosan,
chemically modified silica and aluminum-pillared bentonite, but the efficiency in
removal were not satisfied. Cho et al., 2007 found the ion exchange fiber had high
adsorption rate but limit in the pressure drop, so the hybrid ion exchanger (HIE)
between the ion exchange fibers with ion exchange resin by hot-melting adhesive was

selected in order to increase the stability, efficiency and remove limitation. Then, pH,
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initial concentration and temperature were the analyzed parameters. The polyolefin
fiber (PONF) was used as ion exchange fiber and Amberlite IRA-96 was used as ion
exchange resin. These two components were linked with hot-melting adhesive
method. Then, HIE was reacted with vanadium oxide (V20s) solution by vary three
parameters. The results showed that acidic pH (pH 3) was supported the adsorption
greater than basic pH (pH 7). When increased temperature and initial concentration,
the adsorption efficiency was increased .especially high temperature because it
activated the reaction to.go faster by adsoiption.went to the equilibrium in 200
minutes (313 K or 40°C) compare to 300 minuies in room temperature. (Yeom, Lee,
and Hwang, 2009)

2.6.3 Technologyfor remove mercury

2.6.3.1 In narmally, the chemical materials such as chemical agent or
resin were used to remave mercury but the' natural materials which consisted of
lignocellulosic materials such as wheat straV\f, peanut shell, moss peat, bagasse fly ash,
tree fern, and gram husk and-“coconut coir:pit'ﬁ. All of them had the properties to
remove heavy metal such as-mercury because of adsorption capacity from lignin and
pectin. The coconut coir pith (CP) was selected to study the properties because it was
easy to find and low, cost. In this study, the researchers modified the CP with
carboxylate as functienal group and analyzed the properties to treat mercury. The
modified CP was made from the chemical ¥feaction by adding the reagent such as of
K2S,0s and| NaxSpOgs. | After  that, ' the modified| CP was shaken with synthetic
wastewater which consisted of HgCl, and analyzed data by AAS. The results showed
that ‘the “adsorptien «increased when“the' pH inCreased because-of ‘protonation of
functional group. When temperature and amount of adsorbent increased, the
adsorption capacity would increase together. The adsorption behavior followed with
first order kinetic and Freundlich isotherm. (Anirundhan, Divya, and Ramachandran,
2008)

2.6.3.2 Mercury was the toxic metal. It was produced from chloro-

alkali, paper, pulp, oil refinery, paint, pharmaceutical and batteries. The method for
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treatment of mercury was studied. The biological method could remove mercury by
use enzyme from the bacteria which could resist in extreme condition. The enzyme
that had special property was papain. Dutta et al., 2009 stated that papain was
proteolytic enzyme which had sulfhydryl group in active site. The functional group in
this active site would support the enzyme could bind with metal ion. Due to the
enzyme did not stable and denature in extreme condition such as high temperature or
high metal concentration, so_the immobilization. was an alternative way to protect
enzyme for using many cycles. In this study, the researcher would use alginate which
was the algae for immobilization with this enzyme, so it was called AIP. The
parameters were studied.such.as concentration of papain, concentration of sodium
alginate, concentration gi€alcitim chloride, temperature and pH.

The results'showed that optimum condition were 70°C and pH 5. The
temperature had large" influence in” diffusivity. The diffusivity increases with an
increase in temperatures However,this bead could operate in the temperature 4-70°C
and pH 2-12. The mercury removal would Saturate in 8 minutes, when vary mercury
concentration from 1-30 mg/l. The conclu’s‘jon was best mercury removal (98.88%)
was obtained when mercury (1) concentratidn ;é'qualed to 10 mg/L with 5 g AIP at pH
7 and 35 °C for 8 minutes. (Bhaitacharyya et al.; 2010)

2.6.3:3_The mercury was the toxic heavy metal for environment, so it
was important to find-the method for treatment such as-adsorption. From Tharin et
al.,1974; Manchon-Vizueteet al.,2005 found-the properties of waste tired rubber that
could immobilized: mercury ion contaminated in; soil. Due t@ the components of
production of “rubber were zinc oxide, carbon black and cross link sulfur, these
components had ‘affinity: to ‘mereury. ‘From this reason, the rresedrchers would apply
the waste tired rubber in order to treat mercury contaminated in wastewater. This
research would study the size of waste tired rubber and component of carbon black,
sulfur crosslink and amount of zinc oxide which might affect to the adsorption
properties. The pretreatment of waste tired rubber started with waste rubber, stearic
acid and ZnO, then vulcanization so as to get the suitable materials. The HgCl, acted
as synthetic wastewater reacted with vary size of rubber by perform in 8 hours at

30°C. After that, vary crosslink density and components of rubber and pH variation.
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The results showed that the smaller size of rubber had the well performance in
sorption better than the larger size because of the surface area. When the amount of
crosslink sulfur was high, the sorption capacity would high together because Hg(Il)
could inserted between the crosslink in vulcanizing reaction, but not in the zinc oxide.
While the high amount of carbon black, it would affect the less efficiency in mercury
adsorption because it inhibited the diffusion of Hg(ll) to rubber. (Danwanichakul et
al., 2008)

2.6.3.4 The conventional technology to remove mercury such as
stabilization and solidifieation” could not reduce the leachability of mercury by
mercury leached from eement or 'some of them were precipitated as HgO and
volatized from cement. So, the alternative way to solve this problem was binding the
—SH (thiol) group tosthe stpport matrixes s__l_Jch as silica, alumina and clay so as to
enhance adsorption capacity to:merctry. The mechanism was thiol group would bind
strongly and affinity to mercury and form-HgS as precipitation and stabilization on
the matrixes surface. The objective of this St'f;dy analyzed the cost effective method to
treat the mercury in solid wastes by use the éfﬁ'é'rcaptopropyltriethoxysiIane was used
to graft the —SH to the natural clinoptilolite zeolites and the mercury adsorption
capacity of the thiel-functionalized zeolite in agueous solutions was investigated. The
thiol-functionalized zeolite (TFZ) was prepared from the_mixing between zeolite and
3-mercaptopropyltriethoxysilane and was washed with-ioluene and ethanol. Then,
TFZ was tested in the adsorption isotherm“by vary the Hg(NOs). were 10mg/L, 20
mg/L, 40 mg/L, 60.mg/L, 80 mg/L and 100mg/LL. The solidification and stabilization
was performed by TFZ mixed with Hg concentration from 100-1,000, mg/kg. Then, it
was ‘Shaken at robm-temperature and ‘pH ‘6 in order to' analyze the stabilization. The
waste from this test would set with Portland cement to test the solidification. The
results showed that Freunlich isotherm could describe the adsorption behavior better
than Langmuir isotherm and adsorption capacity was increased in ten times. The
optimum condition pH was 5.0 and optimum condition for solidification and
stabilization was 1,000 mg Hg/kg waste, 5% TFZ dosage and 100% cement dosage.
The stabilization efficiency and solidification efficiency equaled to 98% and 99.89%

respectively. (Zhang et al., 2009)



CHAPTER Il

METHODOLOGY

3.1 Materials
3.1.1 Weak acid cation exchange resin (Duolite C433)

This is a commercial weak aci@ cation exchange resin. It can bind to any
divalent cation ion bui=non selective tol divalent mercury ion. It was purchased from
Rohm and Haas company, United States of America.

This resin is used in‘this study t%_ecause specific selectivity to certain ions or
groups of ions and oftgn bind fo ir'\:qrgar'jidg chemical.(Matsumota et al., 1989; Allen

and Brown, 1995; Lai et al., 1994) 1t can E}jnd with any divalent caions including Hg?*

but does not have specific affinity to Hg* s

i ']
b o [
3.1.2 Chelating cation exchange resin (Amberlite IRC718)

ti)

This is a commercial chelating cation exchangefesin. It can selective to

divalent mercury idrf; It was purchased from Rohm and Ha@é company, United States

of America.

3.1.3/ Wastewater, from® petrochemical® industry<was sampling from

sampling point 1 that was raw wastewater as shown'in Figure 3.1.
3.1.4 5% KMnO4
Potassium permanganate (KMnO4, MW 158.034 g/mol) was purchased from

Univar, Ajax Finechem (Australia and New Zealand). The 5% KMnO,4 was prepared
from 5 g of KMnO,4 mixed with 18 mQ distilled water 100 ml.
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3.1.5 Mix acid

This reagent was prepared from mixed between conc HNOj3 (65% nitric acid)
125 ml, conc H,SO4 (96% sulfuric acid) 250 ml and 18 mQ distilled water 125 ml.

The two acids were purchased from Carlo Erba, Italy.
3.1.6 5% K;S,04

Potassium persulfate«(K2S,0s, | MW 270.322 g/mol) was purchased from
Unilab, Ajax Finechem (Australia and New Zealand. The 5% K;S,;0g was prepared
from 5 g of K;,S,0g mixgd'wiih 18 mQ distilled water 100 ml.

3.1.710% NH>OH HCI

10% hydroxylamine ‘hydrochloride (NH,OH HCI, MW 69.5 g/mol) was
purchased from Carlo Erba, Italy. The 10%;’N‘I—IZOH HCI was prepared from 10 g of
NH,OH HCl mixed with 18 m€Q) distilled water 100 ml.

3.1.8 Other reageiits

Sodium hydroxide (NaOH, MW 40.00 g/mol) ‘were purchased from Carlo
Erba, Italy.

3.2 Equipments

The equipments used in the experiment are following

3.2.1 Hot plate stirrer

3.2.2 pH meter

3.2.3 Water bath

3.2.4 Piston pump

3.2.5 Cold vapor atomic adsorption spectrophotometer from Perkin Elmer (A
Analyst 800), United States of America.
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3.3 Methodology
3.3.1 Characterization of raw wastewater

To evaluate the performance of the existing treatment units for mercury as
shown in figure 3.3 water samples from several points of the treatment system would

be collected and analyzed:

Point 1: Before cartridge filter (répresenting raw wastewater before treatment)

This point would«examine pH, total suspended solid (TSS), total dissolve
solids (TDS), biologicalsoxygen demand (BOD), total organic carbon (TOC), total
and soluble mercury concentration, fat oil and grease (FOG), chemical oxygen
demand (COD), arseni€ concentration and chloride concentration. Sample at this point
would be used in this study.

Point 2: After cartridge filter (répre'senting a filtered wastewater before
mercury removal) - 7

This point would examine pH, total fszﬁépended solids (TSS), total mercury
concentration and arsenic concentration. =

Point 3: “After wastewater passing throtugh dhe’ adsorption tower #1
(representing the treated effluent)

This point weuld examine pH, total organic carbon (TOC), total mercury
concentration and arsenic €oncentration.

Point 4:| After wastewater passing through' the adsorption tower #2
(representing the treated effluent)

This point, would examine pH, | total‘organic ‘carban (TEC), total mercury
concentration and arsenic concentration.

Point 5: After wastewater passing through the adsorption tower #3
(representing the final effluent from existing mercury treatment system)

This point will examine pH, total organic carbon (TOC), total mercury

concentration, chemical oxygen demand (COD) and arsenic concentration.
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IRC718) would be added to a 250-ml Erlenmeyer flask. Then, the flasks would be
swirled at 30°C on the shaker. At predetermined time of 0, 5, 10, 15, 30, 45, 60, 90,
120 and 180 minutes, a 15-ml sample would be taken by using a syringe. The sample
would be immediately filtered by a 0.45-um filter paper and determined for mercury
content. Solution pH would be monitored through out the experiment.

Expected outcome : Time profile of mercury adsorption, equilibrium time
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3.3.3.2 Determination effect of initial pH

In this part, pH of the real wastewater would be adjusted (within the
typical range as suggested by manufacturer) by using NaOH or HCI and determined
for adsorption behavior of cationic resins (both C433 and IRC718). The used amount
of resin was between 0, 1, 5, 10, 15, 20 grams with real wastewater 100 ml. The
studied pH would be 2, 5 for C433 and IRC718 resin. lon exchange adsorption would
be allowed to reach equilibrium (using theseguilibrium time from previous section)
and then determined for.remaining mercury-eoncentration. Solution pH would be
monitored through out the experiment. It was important to note that the solution pH
would change with time_du€ to'the release of H' as a result from mercury exchange.
Hence, determination gi#optimum pH had to be considered carefully. (Chiarle et
al.,1999; Mondal and Das; 2003; Pehlivan and Altun, 2006; Donia, Atia, and Heniesh,
2008) 4

Expected outcome : optimum pH (pH oy, ';¢a| VS PH opt, syn)

3.3.3.3 Effect of type of exchange ion

The real wastewater spike vi)ith’lj"ioo ppb Hg from Hg(NO3), would
adjust to optimum pH, used-the amount of resin between 0, 1, 5, 10, 15, 20 grams
with real wastewater 100 ml and then shake in the Erleameyer flask by tested the
resin between soditm form (Na) and proton form(H"). After that, the flask would
shake in equilibrium< time. Then, take the sample to digest and analyzed Hg

concentration.

3.3.3.4 Determination of adsorption isotherm

Adsorption isotherm of 'both ‘resins ‘in | real ‘wasiewaters would be
determined by varying the amount of resins were 0, 1, 5, 10, 15, 20 grams per
wastewater 100 ml. (precise quantity of resins required would be specified after the
exchange characteristics of the resin had been clarified in two previous sections).
Sampling and analytic procedures would be similar to Section 2.1. Obtained data
would be used to determine the adsorption isotherm. (Shi et al., 2009; Rivas et al.,
2010)



Expected outcomes :
- Adsorption isotherm
- Adsorption capacity (Q real VS Q syn)
- Effect of wastewater characteristic on Q

3.3.4 Column test :
The size of the column for exist

Column size = 57
Adsorbent volume = ;
Flow rate = 8
Viiow = 2.18 cm/m
EBCT = 2.0 hours
The size of the column o igure 3.2
Column size = 5 ease to 67.5 cm height)
Adsorbent volumg 7
Flow rate = 3.67 m
Viiow = 0.19 cm/min

EBCT = 2.0.hou

—

y g
AL INETNINT
RN IDEBRIINYIAY

30cm

Figure 3.2 Column size 5 cm ¢ x 90 cm height use for this experiment.
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3.3.4.1 Effect of resin depth
Information obtained from the batch test would be applied as an optimal
condition in the column test. The depth of resin in the column would be varied volume
of resin 440 ml and 880 ml, flow rate 200 ml/min and hydraulic retention time 2 and 4
hours, whereas the flow rate would be kept constant. The test would be operated at a
fixed flow rate and ran until the breakthrough happens i.e., 5 to 40 BV/hr for C433
and 8 to 32 BV/hr for IRC718. The test will'be operated at a fixed bed depth and run
until the breakthrough happens, i.e., efflueni-mercury concentration reaches 5 pg/I
(industrial effluent standard. fermercury in Thailand). The real wastewaters would be
studied to determine the effect.of wastewater characteristics on adsorption behavior in
column operation. Datagobtained from this part would be used to characterize the
column adsorption behawvior by using Bohart and Adams equation. Then, results from
the continuous test would be@pplied in the design for the real operation. (Jiang et al., 2006;
Donia et al., 2008)
Expected outcomes :
- Breakthrotigh curvé{i[l—jg] = 5 ug/l) + Graph breakthrough
- Colummradserption b-ehéllf\"/ior

- Criteriafor design (using Bohart and Adam) + graph

3.3.4.2-Determination for resin regeneration ability (Atia, Donia,
and EI-Nomany, 2009)

Regeneratiofn- ability of each exchange resin would be determined in
order to verify its reliability in'mercury remaval under field praetice. Spent resin from
Sections 3.1 would be regenerated according to the procedure recommended by the
manufacturer and-retested for, its adsorption behavior between regenerated and new
resin by batch study.

The IRC718 resin from the continuous test was used in the
regeneration test in duplicate by regent IRC718 in column with 10% HCI, flow rate
200 ml/hour, 2 hours and rinse resin with 18 mQ DI water, flow rate 1,000 ml/hour, 1
hour for first time, while 15% HCI in 3 hours, same condition was used in order to
ensure this test. Then, sample would take in every 50 ml of effluent for acid

regeneration, while rinse with DI water would take in 3 periods composed of 50 ml in



49

first period, when water passed through column in 500 ml and 50 ml in last period.
The regenerate resin would test for efficiency in reuse by did the batch test and
compared with new resin (resin which did not use before). The optimal resin dose
would test with real wastewater and mass balance of mercury and percentage of

recovery was calculated as follow

Mass balance of mercury (ug) = [Ha] in regenerant (pg/l) x Volume of regenerant (L)

Concentration of mercury-in-regenerant
% of recovery = x 100

Coneentration”of mercury in exhausted resin

Expected outcomes:

From‘batch test: \ ;
“Time-profile of the}Hg adsorption and equilibrium time
—optimdm’pH (pH. opt; }'S;aﬁ/s PH opt syn)
-Adsorption isotherrh":__' = "
-adsorption-capacity (Qrea| VS Q syn)
effect of Wastewater characteristic op Q

Fronieolumn-test
-Breakthrough curve
-Column adsorption behavior

-Criteria for.design (using,Bohart.and-Adam)
3.5 Analytical methods

The sample digestion would be followed with standard method EPA 7470A
mercury in liquid waste (Hydride generation technique) as shown in Figure 3.3. Then,
ng+ concentration in the wastewater from the experiments was analyzed by using

Cold vapor adsorption spectrophotometer (AAS).
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The standard method EPA 7470A mercury in liquid waste
(Hydride generation technique)

Sample water 50 ml

Add KMnO, 5%, 10 ml. + Mix acid
(H,SO4+HNO3+ DW) 10 ml

3‘ ’i', hour

-‘

e
7/BAN

Stay at Roor
N,

Add KzSan 5% 10 ml

Add Hydroxylamine hydrochloride
0%, 10-15 ml until colorless

Figure 3.3 The dlﬂam of standard method EPA 747£ mercury in liquid waste

ﬂuaﬁﬁﬁﬁﬁﬁﬁﬁnﬁ
amaqnmummmaa



CHAPTER IV

RESULTS AND DISCUSSION

The real wastewater properti ‘into 9 properties such as pH,
total suspended solid (T !...; , fat oil and grease (FOG),
chemical oxygen demang OC), mercury concentration
in total and soluble form | e oncentration and chloride
concentration. In thi - ! \wate ~,;\ from 5 points as shown in

Figure 4.1 and the charagteristics of raw wi \ re shown in the table 4.1.

Sample 2 Sample 3 sample 4

Figure 4.1 Flow diagram of existing mercury treatment system of a refinery plant and
sampling points



Table 4.1 Characteristics of real wastewater in each sampling point

52

] 30 24 2
Sampling
dat 7 June 2010 September | December | March
ate
2010 2010 2011
Parameters | Point | Point | Point | Point | Point
Point 1
1 2 < 4 B
pH 5.01 2.43 2.39 2.46 6:01 4.40 4.36 4.34
TSS (mg/l) 43 22 - - - - - -
TDS (mg/l) | 5,769 - - - - 1,364 1,788 -
FOG (mg/l) 6 - - - - - - -
COD (mg/l) | 6,749 - - - 9,537 2,498 5,976 3,316
BOD (mg/l) - - - - - 298 300 308
TOC (mg/l) | 1,394 - 5 1167 ['5.218 | 1/692 922.80 2,097 1,002
H D: -
elngh 459 572 372 411 130 85 73.20 22.5
Total
-6 um
] 125 - - - - 18 1.30 4.8
Filtrate
As (mg/l) 167 174 161 168 99 - - 52
Chloride
926 - - - - - - -
(mg/l)

From the results in table 4.1, it showed thesraw wastewater'(point 1) had the

acidie\pH, TDS,;~COD and TOC.in high ‘amount which mightibe interfere in ion

exchange process. The COD was high amount, it pointed that wastewater had organic

carbon in high too. If it could ionize, it had a high effect in ion exchange process. It

might competitive with mercury ion which had low concentration (459 pg/l) when

compared with COD level. Total mercury concentration was 459 pg/l and filtrate

mercury concentration was 125 pg/l. 1t showed that most of mercury ion attached with

the suspended solid, so the filtration was the pretreatment to reduce mercury
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concentration. Even though, arsenic and chloride concentration were high, but arsenic
did not interfere the ion exchange because arsenic presented in arsenate (AsO,*) and
arsenite (AsO’), while ion exchange process occurred with cation in acidic to neutral
pH. (Mohan and Pittman, 2007) Chloride was the negative charge, anion which
interfered the ion exchange process by chloride ion could form chlorocomplexes with
mercury ion. (Becker and Eldridge, 1998) Fatty oil and grease was low concentration
and it did not coat the adsorbents.

In point 2-4, the pH was acid around 2-because wastewater was adjusted pH in
acid buffer tank to pH 2 in order to prompt in-adsorption with activated carbon. The
total suspended solid was" reduced by filtration through cartridge filter, but the
mercury concentration was highs The reason might come from adjustment pH to 2; it
might increase the solubility of mercury ‘lon. After that, total organic carbon was
increased three times, whens it passed through activated carbon column 1. The
characteristic of wastewater was same, when it passed through activated carbon
column 2. While, the itotal -organic carbon and mercury concentration were
significantly reduce, when it passed throUg‘jh- activated carbon column 3. From the
results, it showed the variation‘ef characteriétié'é" of wastewater that might come from
variation of raw wastewater and-residue of wastewater in each treatment process.

In point 5,.the pH was around 6 because wastewater was adjusted to neutral
pH in order to ready in remove COD and BOD in total remediate wastewater system.
Wastewater was adserbed with 3 activated carbon columns, however; they could not
reduce mercury concentration lower than®5 ppb, so it needed to treat with ion
exchange process.. The efficiency of treatment wastewater was not meet to the
standard. The reasons were this progcess had exhausted activated carbon and flow rate
was high-and'it had the effect-in‘adsorption of activated carban.

However, the pretreatment such as skimmed oil and using the filtration in
order to remove total suspended solid (TSS). It suited for pretreatment of wastewater
prompt to treatment by ion exchange process. The pretreatment would decrease the
problem from oil coated resin and resin was clog by TSS.

This experiment was not only one sampling, but wastewater was tested in
three times. They composed of the second sampling (30 September 2010) mercury

concentration 85 mg/l for total form and 18 mg/l in soluble from. The third sampling
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(24 December 2010) mercury concentration 73.2 mg/l for total form and 1.3 mg/l in
soluble from. The fourth sampling (2 March 2010) mercury concentration 22.5 mg/I
for total form and 4.8 mg/l in soluble from. From the several sampling, mercury
concentration was not stable, so the spike Hg(NO3), for the wastewater which had the
soluble form less than 100 pg/l was needed in order to adjust the condition suited for
apply in real operation.

From the analysis of multi elements (table 4.2), the results showed that Fe and
Ni were high 88.046 and 50.910 mg/I respectively, when compared with the mercury
concentration, so it was very.figher than mereury. Fe was the elements that affinity
than Hg (see appendix A«table’A'1), so the competitive ion exchange might occur.
Even though, Ni was lower affinity than Hg, but the concentration was high in mg/I

level, so the competitive inexchange ion might oceur as in Fe.

Table 4.2 The chemical gharacteristics of real wastewater

Elements Concentration (mg/l)
Ag | _ __ 0.007
Al 7 0.392
B No data
Ba 0.041
Bi No data
Ca 23.798
Cd 0.014
Co 0.022
Cr 0.141
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Elements Concentration (mg/l)
Cu No data
Fe 88.046
Ga 0.012

‘ \u
n 4_’-‘—? 0043
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1.745

265.187

50.910
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4.2 Effect of pH to solubility of mercury

Figure 4 2¢Theefiect of pH 2-9 to the solubility of mercury

Due to the pH was he factor that J(::'ontrols the precipitation and formation of
complexes, so the effect of pH to the solubility of mercury (I1) ion was needed. From
the literature reviews of agtivated garbonrén_d resin stated that optimal condition was
between acidic to neutral pH, so. the so!l;bil.ity was test pH 2-9. (Walton, 1964;
technical data sheet of Rohm and Haas com;J;a"hy__,. and Tonini et al., 2003)

From the Figure 4.2, the resulis sh___av_veq that when pH was increased, the
solubility of mercurie ion in wastewater was éliéhﬂy inereased. The reason was when
pH of wastewater increased, hydroxide ion was presented Solubility was rose. Due to
it was not significantly different between each pH, so the comparison between each
pH could perform by less error. However, the solubility would depend on the
characteristic™ 0f® wastewater: /' The | variation® in (wastewater=might affect in the

solubility.

4.3 Equilibrium time

From the study, the mercury concentration would reduce in first hour, then, it
did not dramatically decrease between second to third hours. From the results, the
equilibrium time of ion exchange process by two resins (C433 and IRC718) were 3
hours and it took time less than adsorption by activated carbon which was 12 hours,
so the equilibrium time was 3 hours as shown in Figure 4.3 The results correlated with

theory because ion exchange was the reaction which occurred at surface of adsorbent,
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while the adsorption needed to diffuse into meso-porous and micro-porous of
activated carbon by using the micro-porous diffusion mechanism. This process was
slow because it was controlled by Brownian motion (Lara et al., 2007). However, the
equilibrium time which used for next study equaled to 24 hours as in activated carbon

adsorption in order to easy to compare in treatment efficiency.

Equilibrium time of €433 and IRC718 resin
180
160 +4
j
140 °
5 o - —
< 120 | T
% 10044 —e—C433
S g0 —=—IRC718
= |
= 60
40 A
204
0 ; - — time (hours)
0 . 2 ) 4

Figure 4.3 The result of equilibrium-time bry'usg C433 and IRC718 resin in sodium form,
10g/I between 0-3 hours.

4.4 Effect of pH t0 ion-exchange-reaction

In this study, the selected pH of wastewater was 2.and 5 because pH 2 was the
optimum pH from recommendation in technical data sheet of IRC718 resin and pH 5
was the optimal pH for C433, so-the study in‘two pH was performed in order to
compare the efficiency in mercury, removal. Beside, it was easy to compare the
efficiency in treatmentofmercury in wastéwaten with‘activated carbon:

The results showed “that IRC718 at pH 2 could reduce the mercury
concentration from 22.77 pg/l to 2.5 pg/l, while C433 could reduce mercury to 14.764
Mg/l. The percentage of removal equaled to 89% and 35.2% respectively. IRC718 at
pH 5 could reduce the mercury concentration from 15.493 pg/l to 4.363 pg/l, while
C433 could reduce mercury to 14.094 pg/l. The percentage of removal equaled to
71.8% and 0.09% respectively. The graph was as shown in Figure 4.4.
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Concentration time profile of real wastewater at pH 2,5 resin in Na* form
25

20 A

—+—C433pH 2
—=—|RC718 pH2
—a—C433pH 5

—%—IRC718 pH 5

15 1

10 A

Hg conc (ug/l)

Vi —
5 l\\.;\\x
a3 —=
0 . : F . resin dose (g/l)
0 50 100 150, 200 250

Figure 4.4 Mercury conceniration of real wastewater at pH 2 and 5 at equilibrium time
(24 hours), resin in Na" form

From the results, ii'showed that IRC718 had the well performance in reduce
mercury concentration figher than C433.;"dln'addition, IRC718 could reduce to meet
the standard of mercury in wastewater drfcﬁ-nage of Thailand (5 ppb). pH 2 worked
better than pH 5. The efficiency in remO\:/é__mercury of IRC718 at pH 2 and pH 5
account for 89% and 71.84% respectively. j;hi:élf'?eason was the selectivity to Hg** of
IRC718 at pH 2 was 43,000 times based on Ga*, when pH increased (pH 4) the
selectivity reduced-to 2,800 times (Technical data sheet from Rohm and Haas, USA).
Moreover, functional group of IRC718 could bind with the mercury ion which
enhances resin binding and heavy metal stability at pH 2: (Agrawal and Sahu, 2006)
While, C433 was the reSinswhich used for Rafdness reduction such as Ca** and Mg**
and it was non selegtive to mercury ion.

The wastewater which use in.this experiment was from the second sampling. It
had ‘the “low ‘mereury- concentration, “so the Spike with 100" ppb-0f Hg(NO3), was
needed:;

The results of real wastewater with spiked 100 ppb Hg(NOs), was shown as in
Figure 4.5. The results were same as in non spike real wastewater. IRC718 at pH 2
could reduce the mercury concentration from 88.080 pg/l to 19.763 ug/l, while C433
could reduce mercury to 71.443 pg/l. The percentage of removal equaled to 77.56%
and 18.8% respectively. IRC718 at pH 5 could reduce the mercury concentration from
167.250 pg/l to 77.635 pg/l, while C433 could reduce mercury to 112.271 ug/l. The
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percentage of removal equaled to 53.5% and 32.8% respectively. ,so it ensure that pH
2 was the optimal condition for treatment mercury by IRC718 as pH of solution
decreased, the selectivity for Hg+2 over all other metals increased strongly. (Becker
and Eldridge, 1993)

Concentration time profile of real wastewater with spike 100 ppb Hg(NO3), at
pH 2,5 rgsindin Na* form

160

140 A

120 4 ) —e—C433 pH2
100 4 o — —a—|RC718 pH2

80 Y—\ S TN B~ ~— —a—C433 pH5

» —x—IRC718 pH5
40 e e P

Hg conc (ug/l)

20 1 I\.\-
0 T — ~ . resin dose (g/l)
0 50 100, . 150 200 250

&

Figure 4.5 Mercury concentration of'real v.\_/aste\_/vater at pH 2 and 5 at equilibrium time
(24 hours), resin in Na* form thh spike 100 ppb Hg(NO3),

Owing to, the initial mercury concenifajﬁbn was different in pH 2 and 5, so the
comparison from the profile" curve could h’b-t:b*-éri"orm angd-it needed to compare by
isotherm graph. |

When plot the isotherm with Freundlich isotherm, the graph showed that
mercury ion exchange with resin in non-favourable. It meant mercury ion tended to
stay in wastewater, more~than, exchange~ingsresin.; Fhe~reason might from high
concentration of other-ions'would-competitive or interfere in ion exchange process,
so it needed to use resin more thanfusual to treat.mercury in wastewater as shown in

Figure4.6'and Figure:4.7.
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Isotherm vary pH of Figure 4.4
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——IRC718 pH5
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gure 4.7 Isotherm Q,Flgure 4.5
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(H"), so the type of exchange ion was studied. The results showed that H" form had
the efficiency in reduce mercury concentration more than Na* form for IRC718, but

Na* form had the efficiency in reduce mercury concentration more than H* form for
C433 as shown in Figure 4.8 and isotherm graph was shown in Figure 4.9.
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Concentration time profile of real wastewater with spike 100 ppb Hg(NOs),

pH2

140

ED1g"___-_*‘__44__—‘_¥_-‘_‘_k_———-_—1
< 100 | —— CA33 N+
< 80 —#—IRC718 Na+
§ 60 —a— CA33 H+
2 ] X 11 a Y —%— IRCT718 H+

20 ORI g —y

0 T T ; = resin dose (g/l)
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-,

Figure 4.8 Effect of type of exchange ioh to mercury concentration of real wastewater
with spike 100 ppbHg(NO3); at equilibrium time (24 hours) pH 2, resin
in Na“and H* form

/

Isotherm varyform of exc'ﬁé'ng’é ion of Figure 4.8

10 L ¥

97 - -7- ¥

8 i de il A4
~ 77 " — —e—C433 Na+
= g’ : —e—IRC718 Na+
3 B -
S 3 —4—C433 H+
Tl ¢+ IRC718 H+

2 ;

a

0

e V(ugll)

 J Ny S
T i 7 oo

(0] 50 150

Figure 4.9-Isotherm of Rigure 4.8

These results did not accurate, so the study for test H* farm between two
resinsiwas'studied: two times. The. results/showed that! mercury‘concentration from
118.450 pg/l reduced to 16.395 pg/l for IRC718 and 103.118 pg/l for C433 at the first
time. The percentage of removal equaled to 86.1% and 12.9% respectively. While
214.400 pg/l reduced to 15.794 pg/l for IRC718 and 181.155 g/l for C433 at the
second time. The percentage of removal equaled to 92.6% and 15.5% respectively.
The results were shown as in Figure 4.10 and Figure 4.12. The two tests ensured that

IRC718 exchange ion in H" form had the efficiency in treatment of mercury better
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than Na" form which correlated with the degree of exchange depended on size and
charge of ion which small ion had the degree and selectivity in exchange better

than large ion. (Eckenfelder and Wesley, 2000 and Clifford, 1986). The isotherms in
two tests were shown in Figure 4.11 and Figure 4.13.

Concentration tim al wagtewater with spike 100 ppb Hg(NGy),

140

120
5 100
TZ’ 80 —— A3
S 60 —=—IRC718
: |
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Figure 4.10 Mercury conge v:ur._r., j tr- .J. th spike 100 ppb Hg(NO3):

at equilibriun tinie (24 hours) pH re| * form (first time)
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Flgure 4.11 Isotherm of Figure 4.10.
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Figure 4.12 Mercury conceniration of real wastewater with spike 100 ppb Hg(NOs)

at equilibrium time (24 hours) FI)H 2, resinin H™ form (second time)
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¢ Figure 4.13 Isotherm of Figure 412

4.6 Isothermi.equilibrium and/isotherm constant

From the previous results (equilibrium time, effect of pH and effect of type of

exchange ion) ; the sisotherm’tended 1o non-tfavourable, so the Freundlich isotherm

was thé only isotherm that suited for interpretation because the maximum adsorption

capacity could not calculate, so the Langmuir isotherm and BET isotherm could not

use. The Freundlich isotherm graph was non-favorable form as shown in Figure 4.14

to Figure 4.17. After that, the isotherm constant such as K (sorption capacity), n

(adsorption intensity) and R? were calculated.
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Isotherm effect of pH of Figure 4.4
1.0 1 y =9.8849x - 12.905
2 _

_ y =1.3041x- 1.6372 'f =0.9706 +— C433 pH2
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Figure 4.14 Freundli \w erm constant of effect of pH

(pH 2 and 5) at equikibri ), resin in Na* form of Figure 4.4
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F|g re 4.15 Freundlich Isotherm graph and isotherm constant of effect of pH
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b5 s

(pH 2 and 5) with spike 100 ppb Hg(NO3), at equilibrium time (24 hours), resin in

Na* form of Figure 4.5
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Isotherm of effect in type of exchange ion (H")
first time Figure 4.10
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exchange ion resin in H* form with spike 100 ppb Hg(NO3), at equilibrium time
(24 hours) pH 2 (second time) of Figure 4.12

It meant the behavior in ion exchange between mercury ions and the resins
were non-favorable. The mercury ions tended to stay in the wastewater more than
being exchanged with resin. However, the Freundlich isotherm was unable to describe

the ion exchange phenomenon well because graphs did not show good linear trend or
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low R% In addition, K (sorption capacity) and n (sorption intensity) were very low,
some were minus.

The reason was wastewater had a lot of cations which had the potential to
exchange with resin more than mercury ions. It could be observed from the
characteristics of wastewater that high TDS (6,749 mg/l) and COD (5,769 mg/l) were
present. The resins tended to exchange with other ions more which was evident very
low K and n values. Even though, IRC718 resin was selective to mercury ion, but

other ions were high, so the competitive in exchange was occurred.
4.7 Continuous test (Column.test)

From the batch test, the optimal condition for treatment of mercury by ion
exchange resin was IRC718 resin (mercury selective ion exchange resin) equilibrium
time 3 hours, pH 2, exchange ion was H' form, so this optimal conditions would
apply to use for continuous test. ;

From the batch test, the results shoW}ed that the efficiency in mercury removal
of resin was lower than those ofactivated cafbc;i'j" adsorption of Lortpenpien (2010), so
the volume of resin used 440 mi and 880 ml, which were higher amount than
activated carbon. This affect in empty bed contact time (EBCT) was 2 hours and 4
hours respectively in_grder to ensure that contact time between mercury ion and resin
was enough before breakthrough.

This test would" study in effect of‘bed depth to the treatment of mercury
concentration. IRC718 resin, volume of resin 440 ml, wastewater pH 2 with spiked 50
ppb Hg(NOg3),", hydraulic retention.time (HRT) 2 hours and flow_rate 220 mi/hour.
The tesuits showed that IRC718 resin was able to reduce the meicury concentration
from 118.310 pg/l (influent concentration) to 4.416 pg/l (effluent concentration) with
breakthrough time 375 minutes (6.50 hours), which met the mercury standard 5 ppb.
Evidently, the ion exchange resin was able to treat the wastewater to meet the
mercury standard in rapid manner. After that, effluent concentration increased until it
was equal to the influent concentration in 2,175 minutes (36.50 hours). Breakthrough

volume equaled to 1.25 liters. The breakthrough curve was shown in Figure 4.18.
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The average pH equaled to 1.79 as shown in Figure 4.19. The average temperature
equaled to 28.8 °C as shown in Figure 4.20.

Influent concentration

120 § S|

Figure 4.18 Breakthrough /ejof IRCT18 res \ se wastewater with spike 50 ppb
Hg(NO3); at initial ) volun ., ) ml, \\1 ml/hour (HRT 2 hours).

QW’]ﬁNﬂiﬂJ LRI NEA

Flgur 4.19 pH of effluent from the column resin of IRC718 resin by use wastewater
with spike 50 ppb Hg(NOs); at initial pH 2 volume 440 ml, flow rate 220 ml/hour
(HRT 2 hours).
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Figure 4.20 Temperattre of effluent frlom the column resin of IRC718 resin by use
wastewater with spike'50,ppb Hg(N03)2"Iat initial pH 2 volume 440 ml, flow rate
220 'ml/hour (HRT 2 hours).

}

Due to the previous study had wagfewater meet to the breakthrough time in
rapid manner, so the addition of:volume-’f_;*f__-:ac_isorbent was study by applied same
condition as previous study but added theiéojil{';ne of resin two times (880 ml) and
wastewater pH 2 with spiked 100 ppb Hg(NOg’jziand hydraulic retention time (HRT) 4
hours. The results'showed that IRC718 resin could redtice the mercury concentration
from 118.457 pg/I~(influent concentration) to 3.787 g/l (effluent concentration),
breakthrough time 840 minutes (14 hours), which met the mercury standard 5 ppb. It
meant the ion exchange“resin could treat the-wastewater to meet the standard in rapid
manner same as in;previous study. After that, effluent concentration would increase
until equal to the influent concentration in 2,250 minutes (37.50 hours). Breakthrough
volume equaled t6,2.35 litres:= The breakthrough curve was shown'in Figure 4.21. The
average pH equaled to 2.07 as shown in Figure 4.22. The average temperature equaled
to 27.6 °C as shown in Figure 4.23.
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Influent concentration
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astewater with spike 100 ppb
ml/hour (HRT 4 hours).

Figure 4.21 Breakthm./

Hg(NO;), at initia

\
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Figure 4.22 pH of effluent from the column resm of IRC718 resin by use wastewater
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Fhroughput Volume (L)

Figure 4.23 Temperature'of efflugnt from the column resin of IRC718 resin by use
wastewater spiked wiih 100 ppb-Hg at itial pH 2 volume 880 ml, flow rate
220 mi/hour

When addition volume of adsorbéﬁt- and HRT two times, the breakthrough
volume was two times.” The ratio between breakthrough volume and resin volume
were 2.84 and 2.67. The average ratio eq@iéd to 2.76. From the results of both
continuous tests, it pointed that mass transfefj_ane, in column was short. It affected to

use resin in full capacity.

Breakthrough volume

Ratio = -
Volume-of resin

IRC718, resin had:thezpotentialito apply-in-therreal @peration, itxcould treat the
mercury concentrationto meet the'standard.

From two continuous tests, pH was 1.79 and 2.07 for HRT 2 and 4 hours
respectively. The pH was less than 2 because the ion exchange process was occurred
ng+ would exchange with H' in resin. Then, H" would stayed in wastewater, it affect
in reduce the pH. From this reaction, it supported the optimal condition for continuous

test in acidic pH, which pH 2 was the best condition for IRC718 to the best efficiency
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in treatment. The temperature was 28.8 °C and 27.6 °C for HRT 2 and 4 hours
respectively. The temperature was room temperature and effect of temperature was

not presented, so it could apply to use in real operation.

From the Figure 4.18 and 4.21, the calculation of exchange ion capacity of
IRC718 resin was shown in table 4.3. The exchange ion capacity equaled to 0.91 and
0.74 pg Hg per gram of resin for HRT 2 and 4 hours respectively by Hg exchange
come from multiply between averages of meretiny-concentration and volume treated
in each period of time. Due-to-the flow rate-in-twe-coentinuous tests equaled, so the
exchange ion capacity should be same. The maximum exchange ion capacity of
IRC718 resin in H* form should be 0.74-0.91 ug Hg per gram of resin. While, the
exchange ion capacity'of IRC 748 resin in H+ form at breakthrough were same at 0.49
and 0.46 pg Hg per gram of resin for HR;T: 2 and 4 hours respectively. Even though,
increased resin depth two times, but the exchange capacity at breakthrough were

same. It pointed that the mass transfer zone was short.

The exchange capacity was lower fﬁéﬁ’l Hg Hg per gram of resin for column
test as shown in table 4.3. The continuous teét V\;as lower efficiency than batch test (as
shown in Figure 4.9 and 4.13): The calculéf:idn;by use Freunclich isotherm equation
use C. equaled to’ 118:46-pg/-(initial-conceniration-in-column test). The exchange
capacity would highe#than 4,200 pug Hg per gram of resin. It pointed that other ions
could interfere and competitive to bind with resin instead Hg?*. The total dissolved
solid was higher than.mercuiry. ion.. The affinity of IRCZ18.resin. with Fe** more than
325,000, Cu®" mare 130,000 and Hg?" 43,000 baseéd on Ca?' from the technical data
sheet of IRC718 resin ,so these ion’ would exchange with IRC718 resin better than
Hg**aThe Fe® land €u*" were named **X™. /Another group-was thesion-that exchange
lower than Hg”* such as Fe*", AI**, Mg®* and Ca®* were named “Y”. In continuous
test, the feed of wastewater was performed all the time, but it was not performed in
batch test. Wastewater would flowed through resin all the time, it enhance most
preferred ion such as Fe** and Cu?* could replace Hg** which already adsorb by resin,
so mercury ion would flow with the effluent as shown in Figure 4.24. This reason

why the continuous test had the efficiency lower than batch test.
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4.8 Regeneration test and mass balance of mercury

The used IRC718 resin from column would apply in the regeneration by using
the column, 10%-15% HCI as regenerant, flow rate 200 ml/hour and 18 mQ DI water,
flow rate 1,000 ml/hour. The results were shown in table 4.4 for 10% HCI and table
4.5 for 15% HCI. The results shown that regeneration by 10% HCI 200 ml could
recover mercury from resin equaled t0 0.835 pg Hg/ml of resin that compared with
mercury in exhausted resin-equaled to 1.29-1g.Hg/ml of resin. The percentage of
recovery equaled to 70%-(ealeulation shown in-appendix A). After that, the 15% HCI
in 200 ml as regenerant was.tested and it could recover mercury equaled to 0.89 g
Hog/ml of resin or percentage ofrecovery equaled to 75%. However, the percentage of
recovery did not satisfy, so‘the condition for regeneration became to 400 ml and 600
ml HCI in 2 and 3 heurs respectively.;_ffhe results showed that it could recover
mercury from resin equaled 0 1.33 aﬁd 148 ug/ml of resin respectively. The
percentage of recovery equaled _to_lll%'.é_ri)d 1120% respectively. The percentage of
recovery was more than"100% might come from residue of wastewater in void. The
results pointed that optimal conditien for reg'e'hétation was 15% HCI with 400 ml.

After that, the regeneration abiIinT__.,_;pq'f_ spent resins and their exchange
capability after regeneration was performedrby patch test at pH 2 and contact time 24
hours. The results shdwed that new resin could reduce mercury from 97.5 g/l to 4.3
ug/l, while regenerated resin could reduce mercury to 4.8 ug/l and pH was 1.92 and
1.95 respectively. The sesults pointed that, regenerated resin had the efficiency in

exchange ionsame as new resin as shown imFigure 4.25.
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Table 4.3 Exchange ion capacity of IRC718 resin at initial mercury concentration
118.5 pg/l at pH 2 and flow rate 220 ml/hour.

_ Exchange Capacity
Resin IRC 718 HUexchaged (11Q) (g Hg per g resin)
V(or:]qu?e Mass (g) | Total | Breakthrough | Total | Breakthrough | %Total
880 591.36 | 436.93 wups s 0.74 0.46 62.2
440 295.68 |..269.16 145.35 0.91 0.49 54.0
Remark : Density of IRG718 sesin = 0.672 g/ml
l l l l l Most
X preferred
Hg X X X X
Y Hg
H* HY
Y
Y Hg
H+
v
Least
l l l l l preferred
Concentration
H+
Y
I
4|— Initial

Hg

X

|

concentrations

time

Figure 4.24 Profile of concentration in column and breakthrough curve.
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Table 4.4 Regeneration of IRC718 resin volume of resin 50 ml by 10% HCI

Mercury .
. ] o Mass of mercury in
Condition for regeneration concentration in
regenerant (ug)
regenerant (ug/l)
Acid 50 ml in the first perioc 3.27
—‘_,
Acid 50 ml in the seco 2.46
Acid 50 ml in the thi r 2.07
Acid 50 ml in the fourthsperi 48 8 \39. . 1.98
. . J (=
Water 50 ml in the firstper At 1.86
Water 500 ml . T | 16.33
P
Water 450 ml in the last period™ - 13.79
J;_J_:J:;é} =
Total m 41.76

y
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Table 4.5 Regeneration of IRC718 resin volume of resin 50 ml by 15% HCI

75

Condition for regeneration

Mercury
concentration in

regenerant (pg/l)

Mass of mercury in

regenerant (ug)

Acid 50 ml in the first period 239.7 11.99
Acid 50 ml in the second period ¥ re 11.67
Acid 50 ml in the third period 2284 11.42
Acid 50 ml in the fourth period 191.8 9.59
Acid 50 ml in the fifth period A NLR 7% 6.87
Acid 50 ml in the sixth period :128.8 6.44
Acid 50 ml in the seventh/period 89.4 4.47
Acid 50 ml in the eighth period 81.8 4.09
Acid 50 ml in the ninth period 352 1.76
Acid 50 ml in the tenth period 1:8.-7 0.93
Acid 50 ml in the eleventh period 151 0.75
Acid 50 ml in the twelfth period 8.3 0.41
Water 50 mkin the;first periog 215 0.12
Water 500 mli 1.2 0.58
Water 450 mlin-he last period 1.0 0.43

Total mass of mercury in regenerant 71.52
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Reusability test of IRC718 resin with real wastewater with spike
Hg(NOs3)2 100 ppb at pH 2 for new and used IRC718

—e—new IRC718
- -x- =-used IRC718

Hg conc (ug/l)
[o2]
o

resin dose (g/)

iciency of two resins C433,

IRC718, activated carbo 1240 and CGC-12 from

Lortpenpien, 2010) were ¢

gp———

IRC718 had the best perfornjgﬂz@__ﬂ?ﬂ cury removal, then CGC-12, NORIT 1240,

| 1

—4—CGC-12
—>—NORIT 1240

JMERSORB LW
soerntﬂ (;l

250

Figure 4.26 Comparison capacity in mercury removal of real wastewater at pH 2
between C433, IRC718, CGC-12, NORIT GAC 1240 and MERSORB LW

(Activated carbon adsorptions are from Lortpenpien, 2010)



77

In the case of pH 5, the results showed that activated carbons such as NORIT
1240 and MERSORB LW had the efficiency in mercury removal in the same level.
Then, IRC718 resin, CGC-12 and the last was C433 resin as shown in Figure 4.27

Comparison capacity in mercury removal of real wasewater at pH 5

—e—C433
—a—IRC718
—4—CGC-12
——NORIT GAC 1240
—%—MERSORB LW

T Y T - Adsorbent dose (g/1)
0 50 100, 1450 200 250

Figure 4.27 Comparison‘capacity in mercury removal of real wastewater at pH 5
between C433, IRE718, GGC-12, NbRJ"'IT GAC 1240 and MERSORB LW
(Activated carbon adsorptions are from Lortpenpien, 2010)

4
* i

In the mercury concenf'fatic-an in theéé;azariment similar to the real operation
(100 pgfl), the results showed that NORif"I""-“i'2‘40 activated carbon had the best
efficiency, so the comparison-efficiency-by-isotherin-graph between NORIT 1240 and
IRC718 were performed at pH 2. The isotherm graph preseﬁted that NORIT 1240 had
better efficiency than"IRC718 resin as shown in Figure 4.27. These results were
correlated to_the. continuous_study, that NORIT 1240 was the best adsorbent for

treatment of mercury from petrochemical wastewater.
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Comparison isotherm in mercury removal of real wastewater at pH
2 between NORIT 1240 and IRC718 in H-form

25
20 | —+—IRC718 pH 2 H+
o 15 —e— NORIT#1
>
3
T 10 o —a— NORIT#2
y
5 - o K Ps —s— NORIT#3
0 SN ﬁ——'i‘
Ce(ug/l
0 20 40 60 (ugh

Figure 4.28 Isothesm graph of mercury removal of real wastewater at pH 2 between
NORIT GAGA240 three times and IRC718 in H' form

4.10 The economic consideration for treatment mercury in wastewater from

petrochemical industry by IRC718 resirf‘_;_, A

The results from column-test can bé__’_&pglied to design the real ion exchange
columns in field practice for petrobhemical mdustry Several approaches are typically
applied for this scale-up purpose such as “Bohart-Adams expression, scale-up
approach, and kinetiecs-approach-which-using TFhemas expression. (Reynolds and
Richards, 1995). Sinee this study performed with only-one column condition, the
Bohart-Adams could ot be used. For kinetics approach using Thomas expression as
shown in Equation (4.1), it.was-found.that.the.adsorption data.obtained from column
test could not fit withithe linearized.form of'Thomas.expressiontas shown in Equation
(4.2) (illustration was not shown)s This is possibly due to the ¢fact that Hg was
consigdering as a frace substance in this wastewater (in pg/L scale) as compared to
other adsorbate species (in mg/L scale); hence, the adsorption behavior of Hg might
not follow the theoretical derivation because of the interference from major species.
For scale-up approach, it is very convenient to apply in this case since the EBCT of
the tested column was similar to those of the existing columns of the studied factory.
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c. 1
CO 1 + e%(ngngV) Eq ' (4-1)
In(% ~1)= —klch - —klgov Eq. (4.2)

From the results of continuous test, the ratio between breakthrough volume
and resin volume were 2.84 and 2.67. The #low rate in real operation of the studied
factory equaled to 8 m*/day. It needed resin 2.9-m* The cost of IRC718 resin was 850
baht/liter. The capital cosi-equaled.to 2,465,000 baht.-The volume of resin calculated
based on regeneration dstime/day. The IRC718 resin was not valuated to apply in this
petrochemical industry :

The total treatment cost of wastewater frdrﬁ"petrochemical industry by IRC718 resin.

1. Adsorbent cost

Used resin 880 ml or 0.88 L

IRC718 price 2 @ 850 baht/liter*

Resin 1 liter could treat wastewater-_:__-f;l-_. 2.35L

Resin could use == 20 times

Adsorbent cost 7  r85X850 x1000
_ 2.35x20

=15,915 baht/m®

2. Regeneration process cost

Operation,20 times:use, resin 880.ml

Use acid aswregenerant 400ml, 04 L

HCI price 20 baht/iter**

Resin 1 liter could treat wastewater 235L

Regeneration cost = 0;;20 x1000
= 3,404 baht/m’

Total treatment cost = 15,914 + 3,404
= 19,318 baht/m®
Remark: * Price at May 2010
** Price at April 2011



CHAPTER V

CONCLUSION AND SUGGESTIONS

5.1 Conclusion

lon exchange was the feasibles iechnique to remove mercury from
petrochemical industry and-eould reduce mercury to meet the 5 ppb standard of

drainage wastewater from.industrial sector of Thatland.

The Conclusions‘can.be drawn as follows.

5.1.1 The wastewater from petrochemical industry had high concentrations of
TDS, COD and TOC. With anacidie pHr’Qf. around 4. Mercury concentrations were
found to be different among samples abtaihé_d at three different sampling time, such as
459, 85 and 73 pg/l for mereury in total formuand 125, 18 and 1.3 pg/l for mercury in
filtrate. Most of mercury was attached ngh "c’ﬁganic carbon in wastewater, which
could be pretreated by filtration. Arsenic coneeritration was significantly high but it
did not interfere with ion exchange process. This is because it stayed in anion species,
such as arsenate (ASO,”) and arsenite (AsO;). Chloride”ion, on the other hand,
interfered with the ion'exchange process because it formed chlorocomplex with Hg?*
and became HgCl..

Concentrations of organic carbon and inorganic carbon were fond to be much
greater than that of mercury, so they interfered the ion exchange process and

obstructed the tredtment 0f,mercury to'meét the mercury effluent stamdard.

5.1.2 When pH was raised, solubility of mercury ion slightly increased. Due to
it was not significantly different between each pH, so the comparison between each

pH could perform by less error.

5.1.3 The suitable resin for mercury treatment was Amberlite IRC718 because
of its functional groups containing iminodiacetic acid and its high selectivity for

mercury ions at pH 2. (Rengan, 1997 cited in Da browski et al., 2004)
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5.1.4 The equilibrium time was 3 hours, while activated carbon took time 12
hours because activated carbon needed time for pollutant diffused to meso-porous,
micro-porous and adsorptive site by Brownian motion, but ion exchange process was

the reaction occurred at surface of adsorbent.

5.1.5 The efficiency in removal mercury was 88.98% at pH 2 and 71.84% at
pH 5. The results pointed that the optimum pH for treatment of mercury was pH 2.
The reason was IRC718 which was the mercury.selective cation exchange resin had
the selectivity to mercury43,000 times-based on-ealeium ion and IRC718 could form
cheated with the mercury ion-which enhances resin binding and heavy metal stability

at pH 2 (Agrawal and Sahuy2006). \While C433 was non selective to mercury ion.

5.1.6 The suitahle exchange ion fof:'treatment mercury was proton (H") better
than sodium ion (Na*) because the degre; of exchange depended on size and charge
of ion which small ion had the degree aﬁd selectivity in exchange better than large
ion. (Eckenfelder and Wesley, 2000; CIiffo_rd, i986)

5.1.7 Freundlich isotherm.could inter;orgt"the ion exchange behavior. From the
graph, ion exchange process-ocetfred in non-favorable, which mercury ion tended to
stayed in wastewater-more than exchange ion with IRC718 resin. The reason was that
the real wastewater’ contained high concentrations of grganic carbon compounds.
They might have positive charges that could compete for exchange sites on IRC718
resin, or competition between cation from @rganic compound and mercury ion could
occur, so it needed to use-resin mare thap usual ‘From this problem, it affected K
(sorption capacity) and n (sorption intensity) were very low, some were minus.
Though, ‘Freundlich isotherm-could descrie ion exchange behavioi, but it did not the
best because R* value pointed that it did not linear trend or low R®. The treatment of

wastewater by IRC718 needed the very high amount of resins.

5.1.8 The continuous test showed that IRC718 resin could treat mercury
downed to meet the 5 ppb standard for volume resin 440 ml and 880 ml with flow rate

200 ml/hour and real wastewater pH 2. The average ratio of throughput volume and
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volume of resin equaled to 2.76. This showed that mass transfer zone was short and
resin was used full capacity.

The pH was 1.79 and 2.07 for HRT 2 and 4 hours respectively. They were less
than 2. It supported the optimal condition for continuous test. The temperature was
28.8 °C and 27.6 °C for HRT 2 and 4 hours respectively, so it could apply to use in
real operation. The maximum exchange ion capacity of IRC718 resin in H* form
should be 0.74-0.91 pug Hg per gram of restnd \While, the exchange ion capacity of
IRC718 resin in H* form at breakthrough were-same at 0.49 and 0.46 pg Hg per gram
of resin for HRT 2 and 4 hours respecﬁvely. Even though the resin bed depth was
increased by two timesg~thesexchange capacity at breakthrough were similar.
Apparently, the mass transfer zone was short. The reason why the continuous test
showed lower capacity thansthe batch test was because most preferred ions could

replace mercury ion, whichrhad lower selectivity.

5.1.9 The optimal €onditiofi for resih're'generation was 400 ml of 15% HCI, 2
hours with flow rate 200 mi/hours.-“The reUéabiIrity of used IRC718 and new IRC718
resin were not markedly differnt becauée "'tlrﬁey were able to reduce mercury
concentrations from 97.451-pg/l down t0 4.745 and 4.276 pg/l respectively. The
percentage of recovery for used IRC718 resin was 85%.

The IRC718resin had the potential to treat mercury and the optimal condition
for mercury treatment-by IRC718 resin was pH 2, equilib#ium time 3 hours, exchange
ion in proton form and resin-dose was 200 g/l for batch study and using IRC718 resin
at pH 2, flow rate 200 ml/hour and volume of resin 440 ml or 880 ml for continuous
study.

5.1.10 The comparison of mercury removal efficiency in wastewater between
ion exchange resin and adsorption by activated carbon. The experiments showed that
IRC718 had the best efficiency in removal mercury at pH 2. Then CGC-12, NORIT
1240, C433 and MERSORB-LW. The NORIT 1240 and MERSORB LW had the
efficiency in mercury removal at the same level. Then, IRC718 resin, CGC-12 and the
last was C433 at pH 5.
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In the mercury concentration in real wastewater similar to the mercury
concentration in real operation, NORIT 1240 activated carbon had the best efficiency
for mercury removal in real wastewater similar to the mercury concentration in real
operation.

5.1.11 The economic aspect © exchange resin to application in real

operation. Assuming a flow n f 8 m*/day, a treatment unit would
require 2.9 m? of resin. liter, the cost for IRC718 resin
alone would amount to 2,46 aht% would also require daily
regeneration. Due to th JS \ 'ous that IRC718 resin does

AULINENTNEINS
RINNIUUNIININY
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5.2 Suggestions

Due to the IRC718 resin could treat mercury from petrochemical industry, but

it did not satisfy results, so the suggestion as follow might be help for further study.

5.2.1 The pretreatment of real wastewater such as filtration was needed in

order to remove organic carb \ deand mercury in total form. After that, it
might be treat by adsorption wit 3 aﬁw or ion exchange resin. The

pretreatment might reduce 1 xchange reaction and made the
favorable behavior was.

meet standard Hg 5 ppb

The pretreat ulation I ere interested in order to
reduce TDS and then ce mercury concentration to
meet 5 ppb standard.

5.2.2 Another commercia tive ion exchange resin which was

- T ITR) : ;
more specific to Hg should“ﬁe‘:—-‘%-l@ se some resin might be well
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APPENDIX A

Table A.1 The selectivity of IRC718 resin at pH 2. (Technical data sheet of Rohm
and Haas company, USA)

Metal ion KM ca
Fedt 325,000
cu®* 130,000
Hg** > 43,000
AUt > 8,100
Ag’ 4,600
N 3,200
Cdal 620
Fe?! 190
Mn%* 120
Zn** 120
AP 50
Mg 20
Cca®* 1.0

Table A.2 The selectivity of IRC718 resin at pH 4. (Technical data sheet of Rohm
and Haas company, USA)

Metal ion KM ca
Hg* 2,800
cu?’ 2,300
PhZ" 1,200
Ni% 57
zn?t 17
cd* 15
Co* 6.7
Fe2 4.0
Mn?* 1.2
Cca®* 1.0




Table A.3 The selectivity of IRC718 resin at pH 9. (Technical data sheet of Rohm

and Haas company, USA)

94

Metal ion K" ca
Ni%* 30
cd* 14
cu®* 10
zZn** 3.0
Ca* 1.0

Calculation of percentage of recovery.

From the table 4.4 mass oOf fergury. come from

Mass of mercury in regénerant(L0/l) = mercury concentration (ug/l) x volume (L)

Example : Mass of megeuryin regeneranf_]‘br first period

1) Mass of mercury in regenerant = 65.5 pg/l x 0.05 L = 3.27 ug

2) Then, calculatiop'will perform inevery period and summation in every

period as total mass of mercury in regenerant = 41.76 g

3) Mercury in regenerant. . =

4) Mercury inéxhausted resin =

5) Percentage of recovery

total mass mercury in regenerant

T Volume of resin
%56 = 0.835 g Hg/ml resin

total mass adsorb in resin
Volume of resin

528568
440

Mercuty in regenerant

=1.19 pg Hag/ml resin

: A X
Mercurv in exhausted iresin

9835 1100 = 70%
1.19



APPENDIX B

Experimental result for CHAPTER IV

Table B.1 Effect of pH to the solubility of mercury ion. (Figure 4.2)

Raw wastewater mercury concentration = 77.3 po/l.

95

pH of wastewater

Hg coneentration (ug/l)

Total form Soluble form
2 510.30 64.30
3 585.40 61.40
4 542.30 81.15
5 931.20 97.80
6 513.60 94.70
7 503.80 120.80
8 499.35 124.70
9 488.60: 135.90

Equilibrium time

Table B.2 Adsorption of mercury-By €433 and IRC718 in Na* form at 10g/I between

0-180 minutes. (Figure 4.3)

Time (min)

Hg Concentration (pg/l)

C433 IRC718

0 157.40 141.70

9 157.50 135.90

10 149.80 137.50
15 156.40 126.30
30 157.10 130.50
45 130.10 128.30
60 129.10 129.70
90 125.00 126.60
120 125.00 128.30
180 129.20 125.10
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Effect of pH to ion exchange reaction

Table B.3 Concentration of mercury in real wastewater at equilibrium and resin dose
in Na* form at pH 2. (Figure 4.4)

Resin Hg Concentration (po/l) pH
dose
(g/L)
C4383 IRC718 C433 IRC
concl | conc?2 avg |.conel concZ2 | avg 718

0 22.640 | 227900 _#22770,|122.640 | 22.9007) 22.770 | 2.00 2.00
10 19.132 | 18164 4"18.648 | 111.164 | 10.204..10.684 | 2.10 2.08
50 15.360 | 16,819 416.090 | 8.822 | 9917 .| 9.370 | 2.17 2.15
100 | 15.660 |«15.124" 415391.] 6912 | 6937 176.925 | 2.20 2.27
150 | 14.549 | 15730+ 45:140 | 3.604 | 4276 | 3.940 | 2.29 2.35
200 | 14.880 | ‘14.647 J14.764 | 2500 | 2504 12502 | 231 2.40

Calculation of mercury concentration fr(}_r_n AAS

#

Example from table B.3 dia

1) Value from AAS =1.200 ppband filtere(rsé}nple =96 ml for first duplicate

Sample volume 1000 ml  has 'H-g 7 1.200 ug
Sample volume 100 ml has Hg 1.200x100 ng
1000
Due to take sample 50_ml SO 1.200x100 ug
1000
Adjust sample volume to 100 ml S0 1.200x100x100 Mg
1000x50
Filtered sample 96 ml SO 1.200x100x100 Mg
1000x50
If sample 1000 ml S0 1.200x100x100x1000 pug
1000x50x96
=2.500 ug

So, the sample has the mercury concentration equal to 2.500 pg for first duplicate.
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2) Value from AAS = 1.202 ppb and filtered sample = 96 ml for second duplicate

Sample volume 1000 ml hasHg 1.200 ug

Sample volume 100 ml has Hg 1.202x100 ug
1000

Due to take sample 50 ml 1.202x100 ng
W/ 1000

Adjust sample volume to S0 é 2x100x100 Hg

%

Filtered sample \\1 x100x100 Hg

000x50

If sample 202x100x100x1000 pg

© 1000x50x96

2.504 ug
So, the sample has the me © OnCe atra i al t0 2.504 ng for second duplicate.
Then, Value from two duplicate ad the average, so

V7 7500125 | Y

-

This sample had the ﬂrcury concentration equaled to ﬂoz Mg

AUEINENINYINT
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Table B.4 Concentration of mercury in real wastewater at equilibrium and resin dose
in Na" form at pH 5. (Figure 4.4)

Resin Hg Concentration (pg/l) pH
dose
(g/L)
C433 IRC718 C433 IRC
concl | conc 2 avg | concl#'conc2 | avg 718

0 15.684 | 15.302 | 15.493 | 15.684.-45:802 | 15.493 | 5.00 5.00
10 18.699 | 19.155 | 18.927 | 14.269 | 13.406 | 13.838 | 5.08 5.05
50 16.754 | 16704 46729, /112.623 | 11.7797] 12.201 | 5.15 5.13
100 | 15.998 | 16464 416231 |\7.454 | 8.274 | 7.864 | 5.23 5.20
150 | 14.672 | 14995 143834 | 6.325 | 6.825 | 6.575 | 5.29 5.24
200 | 14.894 | 48.294 14094 | 3914 | 4811 | 4363 | 545 5.30

Table B.5 Concentratiop'of mercury in real Wastewater with spike Hg(NOs), 100 ppb

at equilibrium and resin dgse in Na® form at pH 2. (Figure 4.5)

Resin Hg Concentration (ug/l) pH

dose
(g/L)
C433 IRC718 c433 IRC
concl | eonc?2 avg concl | concZ2- avg 718

0 88.220 | 87.940 | 88.080 | 88.220 | 87.940.1.88.080 | 2.00 2.00
10 80.788 | 78.323 | 79.556 | 54.478 | 56.783 | 55.631 | 2.01 2.01
50 79122, |, 11429 [, 18.276, 42640, | A2.274,| 42457 | 1.98 2.21
100 | 74400 ) 76.758 | 75.579 | 41.172 |142:161 | 41.667 | 1.98 2.35
150 | 73.626 | 72.321 | 72.974 | 35.898 | 36.959 | 36.429 | 1.95 2.39
200 | 71.636 | 71.250 | 71.443 | 18.887 | 20.639 | 19.763 |2.14.93 2.45
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Table B.6 Concentration of mercury in real wastewater with spike Hg(NOs), 100 ppb

at equilibrium and resin dose in Na* form at pH 5. (Figure 4.5)

Resin Hg Concentration (ug/l) pH

dose
(g/L)

C433 IRC718 C433 IRC

concl conc 2 avg conclk conc 2 avg 718

0 172.380 | 162.120 | 167.250 | 172:380 +162.120 167.250 | 5.00 | 5.00

10 128.569 | 130.213 | '129:391 |403.022""" 102.250 102.636 | 5.01 | 5.07

50 121.574 | 121.000 (=1421.287 |/100.495 |+101.828 101.162 | 4.94 | 5.17

100 | 115.088 | 116.373."115.731 ' | 87.556 86.990 87.273 492 | 5.28

150 | 112.630 | 142.935 112.733 | 185.939 84.694 85.317 490 | 531

200 | 113.647 | 110894 |+112.271 - 78.516 76.753 77.635 488 | 545

Table B.7 Concentration of mercury in real wastewater at equilibrium and resin dose

in Na* form at pH 2 and isotherm

pH2 C433 of Figure 4.6

Initial < Equilibrium
Resin dose(g/L) concentration concentration ge=X/Mm
(Co.pg/h) (Ce,ug/l)
10 22.770 18.648 0.412
50 22.770 16.090 0.134
100 22.770 15.391 0.074
150 22170 15.140 0.051
200 22.770 14.764 0.040
pH2 IRC718 of Figure 4.6
Initial Equilibrium
Resin dose(g/L) concentration concentration ge=Xx/m
(Co,pa/l) (Cepg/l)
10 22.770 10.684 1.209
50 22.770 9.370 0.268
100 22.770 6.925 0.158
150 22.770 3.940 0.126
200 22.770 2.502 0.101




Table B.8 Concentration of mercury in real wastewater at equilibrium and resin dose

in Na" form at pH 5 and isotherm

pH5 C433 of Figure 4.6

Initial Equilibrium
Resin dose(g/L) concentration concentration ge=Xx/m
(Co,ugll) (Ceg/l)
10 15.493 18.927 -0.343
50 15.493 16.729 -0.025
100 15493 16,231 -0.007
150 457493 14.834 0.004
200 15.493 14.094 0.007
pH5 IRC718 of Figure 46
Initial Equilibrium
Resin dose(g/L) concentration .concentration ge=X/Mm
(Coig/l) (Cepg/l)
10 15.493 13.838 0.166
50 15.193 12.201 0.066
100 15.493 : 7.864 0.076
150 15.493 gl 6975 0.059
200 15,493 4.363 0.056

Table B.9 Concentration of mercury in real wastewater with'spike Hg(NOs)2 100 ppb

at equilibrium and resin dose in Na* form at pH 2 and isotherm

pH2 C433 ofFigure 4:7

Initial Equilibrium
Resin dose(g/L) concentration coneentration Qe =Xx/m
(Co,lual) (Cepg/l)
10 88.080 79.556 0.852
50 88.080 78.276 0.196
100 88.080 75.579 0.125
150 88.080 72.974 0.101
200 88.080 71.443 0.083




pH2 IRC718 of Figure 4.7
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Initial Equilibrium
Resin dose(g/L) concentration concentration ge=Xx/m
(Co,ug/l) (Ceg/l)
10 88.080 55.631 3.245
50 88.080 42.457 0.912
100 88.080 41.667 0.464
150 88.080 36.429 0.344
200 88.080 19.763 0.342

Table B.10 Concentration.@fmercury in real wastewater with spike Hg(NO3),

100 ppb at equilibrium and resin dose in Na' form at pH 5 and isotherm

pH5 C433 of Figure 4.7

Inigal . Equilibrium
Resin dose(g/L) concentration concentration ge=Xx/m
(Co,ug/l) . (Cepa/)
10 167250 129.391 3.786
50 167.250 . 121.287 0.919
100 167:250 1115731 0.515
150 167.258 112.783 0.363
200 167:250 SR2 071 0.275
pH5 IRC718 of Figure 4.7
Initial Equilibrium
Resin dose(g/L) concentration concentration ge=X/Mm
(Co,ug/l) (Ce ug/l)
10 167.250 102.636 6.461
50 167.250 101.162 1.322
100 167.250 87.273 0.800
450 167250 85.317% 0.546
200 167.:250 71.635 0.448
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Effect of type of exchange ion

Table B.11 Effect of exchange ion between H* and Na® to the concentration of
mercury in real wastewater with spike Hg(NOs), 100 ppb at equilibrium and resin
dose at pH 2. (Figure 4.8)

Hg Hg
Resin Concentration pH Concentration pH
/l
Jose (Mg )IRC % (Hg/l) -
(9/L) | c433 c433 c433. | IrRc718 | ca33 | R
n 718 n 718 + + + 718
Na e Na o H H H +
Na Na H

0 88.080 | 86080 4« 2:00 |12.00 | 118.450 | 118.450 | 2.00 | 2.00
10 79.556 | 55031 4 201 | 2.01 | 110.416.| 28.372 193 | 2.05
50 78.276 ("42.457 ¢ 1.98 -|"2.21 | 107.556 1719.796 181 | 1.94
100 75.579 | 4664 | f 1098__| 2.35 | 108.245 | 17.781 1.74 | 1.89
150 72974 | 36 429 495 || 2.397| 106.623 | 16.428 167 | 1.83
200 71.443 | 18.768 | 5 1.93+ - 245 | 103.118 | 16.395 157 | 1.79

Table B.12 Effect of exchange ion between :f-|+ and Na* to the concentration of
mercury in real wastewater with-spike. Hg(NOs3); 100 ppb_at equilibrium and resin

dose at pH 2 and isetherm.

pH2 C433 of Figure 4:9

Initial Equilibrium
Resin dose(g/L) concentration concentration ge=X/Mm
(Co,ug/l) (Ceg/l)
10 88.080 79.556 0.852
50 88.080 78.276 0.196
100 88.080 75.579 0.125
150 88.080 72.974 0.101
200 88.080 71.443 0.083




pH2 IRC718 of Figure 4.9
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Initial Equilibrium
Resin dose(g/L) concentration concentration ge=X/Mm
(Co.pig/l) (Cepg/l)
10 88.080 55.631 3.245
50 88.080 42.457 0.912
100 88.080 41.667 0.464
150 88.080 36.429 0.344
200 88.080 19.763 0.342
pH2 C433 of Figure 4.9
Litial Equilibrium
Resin dose(g/L) concentration concentration ge=Xx/m
(Coilg/l) (Cepgh)
10 1484450 110.416 0.803
50 118.450 107.556 0.218
100 118450 108.245 0.102
150 118.450 106.623 0.079
200 118:450 y 3.8 0.077
pH2 IRC718 of Figure 4.9 7,
Initial ~_Equilibrium
Resin dose(g/L) concentration ‘concentration ge=X/Mm
(Co.pig/t) (CHo
10 118.450 28.372 9.008
50 118.450 19.796 1.973
100 118.450 17.781 1.007
150 118.450 16.428 0.680
200 1181450 16.395 0.510
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Table B.13 Effect of exchange ion in H" form to the concentration of mercury in real
wastewater with spike Hg(NOs), 100 ppb at equilibrium and resin dose at pH 2 (First
time) (Figure 4.10)

Resin Hg Concentration (ug/l) pH

dose
(g/L)

C433 IRC718 C433 IRC

concl conc 2 avg concl cone.2 avg 718

0 118.320 | 118.580 | .148450 [/118.320|..118.580 | 118.450 | 2.00 | 2.00

10 | 111411 | 109.421 1101416 || 27.920 28.824 28.372 193 | 2.05

50 | 108.828 | 106:283 #107.556 |120.423 19.169 19.796 181 | 194

100 | 109.469 | 107.020° |+108.245 + 17.752 17.810 17.781 174 | 1.89

150 | 107.035 | 106.211+| ,106.623 ‘| 16:581 16.274 16.428 167 | 1.83

200 | 102.256 | 103979 | 103118 | 16.247 16.543 16.395 157 | 1.79

Table B.14 Effect of exchange ion.in H* form to the coneentration of mercury in real
wastewater with spike HG(NO3), 100 pph.at equilibrium and resin dose at pH 2 and
isotherm (First time)

pH2 C433 of Figure 4.11

Initial Equilibrium
Resin dose(g/L) concentration concentration ge=X/Mm
(Co,ug/l) (Ceg/l)
10 118.450 110.416 0.803
50 118,450 107.556 0.218
100 118.450 108.245 0.102
150 118.450 106.623 0.079
200 118.450 103.118 0.077
pH2 IRC718 of Figure'4.11
Initial Equilibrium
Resin dose(g/L) concentration concentration ge=Xx/m
(Co,pa/l) (Cepg/l)
10 118.450 28.372 9.008
50 118.450 19.796 1.973
100 118.450 17.781 1.007
150 118.450 16.428 0.680
200 118.450 16.395 0.510
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Table B.15 Effect of exchange ion in H* form to the concentration of mercury in real
wastewater with spike Hg(NOs), 100 ppb at equilibrium and resin dose at pH 2
(Second time) (Figure 4.12)

Resin Hg Concentration (pg/l) pH
dose(g/L) C433 IRC718 C433 IRC718

0 214.000 214.000 2.00 2.00
10 198.995 30,224 1.97 1.95
50 188.061 231959 1.96 1.90
100 184.122 21542 1.93 1.80
150 183.653 16.863 1.90 1.78
200 181.156 15.794 1.84 1.74

Calculation

Example from table B.15

Value from AAS = 7.660" ppb and filtered sample = 97 ml

Sample volume 1000 mi has-Hgf 7.660 ug
Sample volume 100. mi hasl-l_j-l'grl_ 7.660x100 ug
, 1000
Due to take sample 50 ml o R 7.660x100 ug
1000
Adjust sample volume to 100 ml SO 7.660x100x100 Mg
1000x50
Filtered sample 97 'ml SO 7.660x100x100 Mg
1000x50
If sample 1000/ml S0 71660x100x100:1000 ug
1000x50x97
=15.794 ng

So, the sample has the mercury concentration equal to 15.794 pg.
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Table B.16 Effect of exchange ion in H" form to the concentration of mercury in real

wastewater with spike Hg(NOs), 100 ppb at equilibrium and resin dose and isotherm

(Second time)

pH2 C433 of Figure 4.13

Initial Equilibrium
Resin dose(g/L) concentration concentration ge=Xx/m
(Co,ug/l) (Cepg/l)
10 214.400 198:995 1.541
50 214400 188.061 0.527
100 214400 1847122 0.303
150 2147400 183:653 0.205
200 214400 181.155 0.166
pH2 IRC718 of Figure 443
Initial % Equilibrium
Resin dose(g/L) concentration- 4 concentration ge=X/Mm
(Co,pgrl) 0 (Cepgll)
10 214.400 _ 30.224 18.418
50 214.400 — =, 23.959 3.809
100 214.400 21542 1.929
150 214.400 . .16.863 1.317
200 214.400 ~ 15.794 0.993

Table B.17 Fruendlieh constant of mercury concentration in.real wastewater and resin

in Na" form.

From C. and/ge of pH2 C433 of Figure 4.14

Equilibrium _y/ 1
Condition, .. concentration Qe = XIM K — R?
(Ce,,llg/l) (ug/g) n
18.648 0.412
pH2 16.090 0.134
C433 15.391 0.074 1x10" | 9.8849 | 0.9706
15.140 0.051
14.764 0.040




From C. and ge of pH2 IRC718 of Figure 4.14
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Equilibrium

Condition concentration Ge = x/m K 1 R2
(Ce,,ug/I) (Ug/g) n
10.684 1.209
DH2 9.370 0.268
IRC718 6.925 0.158 0.0271 | 1.3041 | 0.6413
3.940 07126
2.502 0101
From Ce and ge of pH5-€433 oi-Figure 4.14
Equilibrium X 1
Condition | coneeéntration S = AR K = R?
(Ce,,ug/l) _(Flg/g) n
18.927 -0.343
OH5 16.729 -0.025 .
C433 16.231 0007 2x10° -9.08 1.000
14.834 0.004
14.094 0.007
From C. and g of pH5 IRC718 of Figure 4.14
Equilibrium L 1
Condition concentration Ge=iH K — R2
(Ce,,llgll) (Hg/g) n
13.838 0.166
OH5 12.201 0.066
IRC718 7.864 0.076 0.0183.] 0.6823 | 0.5235
6575 0.059
4.363 0.056
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Table B.18 Fruendlich constant of mercury concentration in real wastewater with

spike Hg(NO3), 100 ppb at equilibrium time resin in Na* form

From C. and ge of pH2 C433 of Figure 4.15

Equilibrium

Condition concentration ge 5 x/m K 1 R?
(Ce.,1g/l) (Mo/0) n
79.556 0.852
oH2 78.276 0.196 e
C433 75.579 0.125 8x10° 17.753 | 0.7450
72974 0.101
71443 0.083
From C. and g of pH2 IRC748,0f Figure 4.15
Equilibrium =/ 1
Condition | concentration - Rl K = R2
(Ce,,ugll) (Iig/g) n
55.631 3.245
oH2 42.457 0.912/.
IRC718 41.667 0.464 0.0010 | 1.8124 | 0.5394
36.429 0:847%="
19.763 0.342
From C. and ge of pH5'C433 of Figure 4.15
Equilibrium = 1
Condition || | concentration fea K = R?
(Ce,,ug/I) (Ug/g) n
129.391 3.786
SH5 121.287 0.919
o3 115.731 0.515 8x107°""| "17.334 | 0.9834
112.783 0.363
112.271 0.275




From C and ge of pH5 IRC718 of Figure 4.15
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Equilibrium —y/ 1
Condition | concentration 9. = XM K = R?

(Ce.,1g/l) (Mg/g) n
102.636 6.461
101.162 1.322

PHS 87.273 0,800 1x10%5 | 7.6770 | 0.7295
IRC718 : ] ' )

85.317 02546
77.635 0:448

Table B.19 Fruendlichreonstant of mercury concentration in real wastewater with

spike Hg(NOs), 100 ppb'at eguilibrium time resin in H* form, First time.

From C. and g, of pH2 G433 0f Figure 416

Equilibrium =/ 1
Condition | concentration - Rl K = R?
(Ce,,ugll) (Iig/g) n
110.416 0.803
oH2 107.556 0:21.84; .
C433 108.245 0.102 2x10° 30.522 | 0.5941
106.623 0:079-"
103.118 0.077
From C. and g. of pH2/ IRC718 of Figure 4.16
Equilibrium ¥ 1
Condition ||| concentration P K = R?
(Ce,,llgll) (Ilg/g) n
28.372 9.008
B2 19.796 1.973 .
IRG718 17.781 1.007 6X%10 49611 | 0.9811
16.428 0.680
16.395 0.510
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Table B.20 Fruendlich constant of mercury concentration in real wastewater with

spike Hg(NO3), 100 ppb at equilibrium time resin in H* form, Second time.

From C. and g of pH2 C433 of Figure 4.17

Equilibrium _ 1
Condition concentration ge 5 x/m K — R?
(Ce,,llg/l) (ug/g) n
198.995 1524
DH2 188.061 0.527
433 184.122 0.303 5x10™°° | 23.719 | 0.9675
1831653 0.205
181455 0.166
From C and g. of pH2 IRC718 of Figure 4.17
Equilibrium =/ 1
Condition | concentration - Rl K = R2
(Ce,,ugll) (IJ-g/g) n
30.224 18:418
oH2 23.959 3.809 3
IRC718 21.542 1.929 8x10 4.2083 | 0.9135
16.863 L317=-
15.794 0.993
Column test

Table B.21 Concentration‘of mercury in each‘time at pH 2 by use IRC718 resin
volume 440 ml flaw rate 220 ml/hour, HRT= 2 hours of Figure4.18, 4.19 and 4.20.

Initial mercury concentration = 118,310 pg/l

Hg
timeé (mins) volume (L) | Concentration pH Temperature
(hg/l)
0 0 0.000 143 30.00
15 0.055 1.546 1.63 29.40
30 0.110 3.091 1.07 29.30
45 0.165 4.637 1.05 29.20
60 0.220 4,716 1.04 29.20
75 0.275 5.160 0.99 29.00
90 0.330 6.270 1.04 28.90
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Hg
time (mins) volume (L) | Concentration pH Temperature
(Hg/l)
105 0.385 6.065 1.08 28.90
120 0.440 6.026 1.10 28.80
135 0.495 6.414 1.26 28.50
150 0.551 5.750 1.15 28.30
165 0.606 5 QY 1.69 28.10
180 0.661 SYIOH 1.66 29.10
195 0.716 4.416 1.69 28.90
210 0.24L 4.603 1.75 28.40
225 0.826 4722 1.84 28.90
240 0.88¢ 3.343 1.85 27.90
255 0.936 3.102 1.88 28.50
270 0.991 2.645 1.86 28.40
285 1.046 1188 1.86 28.30
300 1.104 1.299 1.86 28.40
315 1456 1:439 1.85 28.40
330 1.214 3.804 1.85 28.60
345 1.266 1491 1.86 28.20
360 1.321 20.434 1.84 28.50
375 1.376 19.695 1.86 28.90
390 1.431 19.737 1.86 28.70
405 1.486 30.490 1.87 30.20
420 1.541 30.165 74 29.70
435 1.596 335450 1.87 28.30
450 1.652 33.584 1.88 28.60
465 1.707 33.534 1.89 29.00
480 17762 33.363 1.89 29.50
495 1.817 33.625 1.89 30.00
510 1.872 33.594 1.88 32.10
525 1.927 33.398 1.89 33.20
540 1.982 33718 1.90 28.60
555 2.037 33.681 1-87 29.90
570 2.092 33.632 1.92 29.80
585 2.147 48.617 1.95 28.90
600 2.202 48.747 1.94 28.60
615 2.257 48.485 1.92 28.70
630 2.312 49.748 1.91 28.70
645 2.367 49.006 1.90 29.00
660 2.422 48.752 1.93 29.30
675 2.477 48.615 1.94 29.00




112

Hg
time (mins) volume (L) | Concentration pH Temperature
(Ha/l)
690 2.532 48.701 1.94 29.10
705 2.587 56.185 1.93 29.10
720 2.642 56.404 1.94 28.90
735 2.697 56.252 1.98 28.80
750 2.753 63.563 1.94 28.90
765 2.808 74.908 1.95 29.20
780 2.863 108313 1.97 28.70
795 2.918 115.698 1.95 28.60
810 2,943 115.551 1.96 28.00
825 3.028 115.853 1.96 27.80
840 3.088 116.832 1.96 27.80
855 3138 117.710 1.97 27.70
870 3193 117.942 1.97 27.60
885 3.248 118173 1.96 27.60
900 3.803 1181146 1.96 27.10
915 3.358 118119 1.97 26.90
930 3.413 117.519 1.94 26.50
945 3.468 116.920 1.96 27.20
960 3.523 118:185/ 1.94 27.60
975 3.578 119.450 1.95 28.20
990 3.633 118.923 1,95 28.40
1005 3.688 118.397 195 28.30
1020 3.743 119.448 1.95 28.80
1035 3.798 120.500 1.94 28.50
1050 3.854 119.522 1.94 28.70
1065 31909 118.545 1.94 28.70
1080 31964 118.861 194 28.40
1095 4.019 119.176 1.94 28.90
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Table B.22 Concentration of mercury in each time at pH 2 by use IRC718 resin
volume 880 ml flow rate 220 ml/hour, HRT = 4 hours of Figure 4.21, 4.22 and 4.23.

Initial mercury concentration = 118.457 pg/l

Hg
time (mins) volume (L) | Concentration pH Temperature
(ho/l)

0 0 0.000 2.05 28.20
30 0.1107 4,704 1.78 29.20
90 0.3321 5.394 1.80 28.20
150 0.5535 4.594 191 29.20
210 0.7749 2.708 1.95 28.00
270 0.9963 2.461 1.95 28.20
315 1016235 2.835 1.93 28.00
330 12877 2769 1.93 27.80
345 127305 2.653 1.93 27.50
360 1.3284 2:148 1.94 28.00
375 13835 2.697 1.93 28.00
390 1.4891 2509 2.01 28.10
405 1.49445 2.451 197 28.90
420 1.5498 1928 2.02 28.00
435 1.60515 2447 2.02 27.60
450 1.6605 3.281 2,03 27.80
465 1 71585 3.383 2.03 27.60
480 17712 3.727 2.05 27.60
495 1.82655 3.390 2.05 27.40
510 1.8819 3.489 2.07 27.70
525 1.93725 3.496 2.10 27.40
540 1.9926 3.443 2.03 27.80
555 2.04795 3.776 211 27.40
570 2.1033 3.460 2.10 27.50
585 2.15865 3.781 211 27.30
600 2.214 5.716 214 27.40
615 2.26935 5.589 2.14 26.70
630 2.3247 6.081 2.10 27.00
645 2.38005 10.565 2.13 26.90
660 2.4354 14.306 2.14 27.20
675 2.49075 15.802 2.14 26.90
690 2.5461 17.122 2.09 27.30
705 2.60145 17.094 212 26.80
720 2.6568 16.833 212 27.80
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Hg
time (mins) volume (L) | Concentration pH Temperature
(Hg/l)
735 2.71215 17.321 2.10 27.60
750 2.7675 17.548 2.12 27.60
765 2.82285 23.148 2.11 27.70
780 2.8782 22.969 2.12 27.60
795 2.93355 23.440 2.12 27.90
810 2.9889 23.430 2.09 27.50
825 3.04425 21.613 2.15 27.60
840 3.0996 26.223 2.13 27.40
855 3.15495 26.324 2.14 27.00
870 3.2108 24 166 2.16 27.40
885 3426565 23.334 2.19 27.10
900 3.321 23.388 2.17 27.00
915 3137685 22.797 2.19 27.40
930 3.4317 22685 2.11 28.00
945 3148705 23.001 2.08 27.60
960 3.5424 22786 ° 2.06 28.50
975 3.59775 22.736 2.06 28.60
990 3.6531 29.680 2.08 28.40
1005 3.70845 29.660 2.06 28.30
1020 3.7638 36.825 2.07 27.80
1035 3.81915 36.642 216 27.70
1050 3.8745 43.662 2.00 27.90
1065 3.92985 43.576 1.86 27.80
1080 3.9852 50.484 1.93 27.70
1095 4.04055 50.420 2.05 27.00
1110 4.0959 70.690 2.02 27.00
1125 4:15125 91.209 2.02 28.00
1140 4.2066 102.884 2.00 28.10
1155 4.26195 104.993 2.19 27.80
1170 43173 104.928 2:33 26.70
1185 4.37265 111.865 2.27 26.30
1200 4.428 111.395 2.22 25.90
1215 4.48335 111.527 2.20 25.80
1230 45387 116.268 2.16 26.00
1245 4.59405 120.353 2.15 27.10
1260 4.6494 119.835 2.14 27.00
1275 4.70475 120.005 2.15 28.00
1290 47601 122.865 2.10 27.60
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Table B.23 Reusability test of IRC718 resin with real wastewater with spike 100 ppb
Hg(NOs); at pH 2 and equilibrium time. (Figure 4.25)

Hg Concentration (pg/l) pH
Resin dose (g/l) New Used New Used
IRC718 IRC718 IRC718 IRC718
0 97.451 QT A 2.00 2.00
200 4276 4.745 1.92 1.95

Table B.24 The conceatration’of mercury removal of real wastewater at pH 2
between C433, IRC718;CGE-12,NORIT GAC 1240 and MERSORB LW.

(Figure 4.26)

Type of Hg concentration (ug/1)
Resin ~adsorbents b 4 NORIT | MERSORB
dose (g/1) C433 IRC718 CGC-12 GAC 1240 oW
0 22.770 22.770 22.770 22.770 22.770
10 18.648 10.684 13.580 19.340 20.650
50 16.090 9:370 10.870 17.330 20.240
100 15.391 6.925 10.320 15.860 18.230
150 15.140 3.940 10.350 14.340 18.140
200 14.764 2.502 8.670 12.580 17.660

Table B.25 The concentration of mercury removal of real wastewater at pH 5
between C433, IRC718, CGC-12, NORIT GAC 1240 and MERSORB LW.

(Figure 4.27)

Type of Hg concentration (ug/1)
Resin agsorbents NORIT MERSORB
dose (g/1) C433 IRC718 | CGC-12 | sxcyoo o W
0 15.493 15.493 15.490 15.490 15.490
10 18.927 13.838 10.320 8.700 8.710
50 16.729 12.201 9.920 7.030 7.490
100 16.231 7.864 9.580 5.640 6.930
150 14.834 6.575 8.520 4.470 4.850
200 14.094 4.363 6.540 3.400 3.280




Table B.26 The concentration of mercury removal of real wastewater at pH 2
between NORIT GAC 1240 three times and IRC718 in H* form and isotherm

pH2 IRC718 of Figure 4.28

Initial Equilibrium
Resin dose(g/L) concentration concentration ge=X/Mm
(Cospgil) (Ceg/l)
10 118.450 28.372 9.008
50 118.450 19:796 1.973
100 118:450 17.781 1.007
150 1183450 16.428 0.680
200 1187450 16:395 0.510
pH2 NORIT# 1 of Figurg4.28
Initial  Equilibrium
Resin dose(g/L) concentration- 4 concentration Qe=X/Mm
(Co,pgrl) 0 (Cepgll)
10 88.080 . 40.610 4.747
50 88:080 , 39:780 0.966
100 88.080 " 31.070 0.570
150 88.080 . 29.530 0.390
200 88.080 31.540 0.283
pH2 NORIT# 2 of Figure 4.28
Initial Equilibrium
Resin dose(g/LY) concentration concentration ge=Xx/m
(Co,HgH) (Cepg/l)
10 208.200 12.750 19.545
50 208,200 16.710 3.830
100 208200 13.240 1.950
150 208.200 10.580 1.317
200 208.200 5.300 1.015
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pH2 NORIT# 3 of Figure 4.28

Initial Equilibrium

Resin dose(g/L) concentration concentration ge=X/m
(Co,ug/l) (Cegl)
10 241.200 21.250 21.995
50 241.200 20.900 4.406
100 2.314
150 1.572
200 1.174
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