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CHAPTER1

INTRODUCTION

1.1 General introduction

The advance of technology leads to the facilities and serious problems. Wastewater
is one of the important and urgent troubles, especially the heavy metal contaminated
wastewater. Mercury is the ugh toxic compound causing the adverse effect for organisms
and environment. The issu€ ofsfmercury contamination has received considerable critical
attention. To meet the permitied Jumits 51“ ppb from the Pollution Control Department,
effective treatment technigues shave been Qf(')posed for mercury removal in wastewater.
Ideally, the best method should balance the-j,.ec"'onomic, social, and environmental aspects.
Previous research showed thatseveral proceséés ¢an remove mercury from wastewater such
as chemical precipitation, ion exchange, cd@gylation, solvent extraction and membrane
processes, and adsorption. Adsorptien is one oi the most common method, because it is an
economically feasible alternative, simple, ab‘i_e/._lto, achieve a low limit of treatability,
effective, widely applicable, efficient, and creates relatively iittle sludge. Activated carbon
is a commonly use for adsorption processes. Although activated carbon can adsorb mercury
in wastewater, the efficiency is not high enough; therefore; many researchers tried to apply
the activated carbon with different techniques which are chemical, physical, and biological
modification. They found that chemical. modification by impregnation of foreign material on
activated carbon has a higher mercury adsorption capacity. There aresamumber of chemicals
can impregnate on activated carbon. Sulfur is one of the'most suitable alternatives. Several
researchers have reported sulfur impregnated activated carbon is high efficiency for mercury
removal. However, research has consistently shown that that the available knowledge about
the mechanism of mercury adsorption has not attained an adequate understanding (Wang,
2009),especially the aqueous mercury adsorption, because most studies in the field of
mercury adsorption by sulfur activated carbon have only focused on removal of mercury
vapor. This study aimed to address the following research question: the impregnated
activated carbon is appropriate for removing aqueous mercury from condensate wastewater.
The main purpose of this investigation is to study the favorable condition for adsorption

process by using commercial activated carbon and sulfur impregnated activated carbon.



1.2 Objectives

To study the adsorption process of mercury contaminated wastewater from condensation

process by using commercial activated carbon and sulfur impregnated activated carbon and

to evaluate economic value of mercury adsorption by activated carbon adsorption.

1.3 Scopes

. Use commercially avai

which are ordinary activated carbon

12 O)ﬁr impregnated activated carbon

(CGC-12 and N

(MERSORBR

2. Work with real wa ¢ k of petrochemical industry.
3. Work at room tempe ;
4. Target pollutant is mg
5. Study in batch and co
1.4 Hypotheses ’ ’g—
Sulfur impregnatemactivate arbon can adsorb r@cury contaminated wastewater

from petrochemical industryrbetter than ordinagy activated carbon and may treat mercury to

ve e oncsfB U H%%EJ NIneIN3
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CHAPTER 11

THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Mercury

Mercury (Hg) is one of the most hazasdous chemical in the list of pollutants
contained in the Water Framework Dlrectlve It maturally occurs in several forms (ATSDR,
1999), and can be founded in the socks, s011s sediments and the atmosphere (Bhakta, 2009)
including in petroleum. Mercury compounds are widespread distributed in the environment.
For instance, inorganic mereury from industrial and mining process enters the air. Mercury
compounds from natural deposits, wastes, and volcanic activity enter the water or soil.
Bacteria can form methylmereury which is tﬂ;e most toxic form and this compound is found
in water and soil causing the contamination in"the fish tissues (ATSDR, 1999) and having a
potential bioaccumulation in‘the food chams JThe issues of mercury contamination in the
environment are critical, because mercury compr;ﬁnds are persists in the environment for a
long time and resulting in the trouble 0 long term (Bhakta 2009). The famous case occurs
in the late 1950s and 1960s when a large number of people in Minamata Bay, Japan are
suffered from mercury p(vnsonilnigias called Minamata disease (Zhang, Nriagu, and Itoh
2005). Besides Minamata, mercury compounds are related to damage of sensitive organs
such as brain, kidney, including developing fetus. These compounds lead to irritability,
shyness, tremors,| change in vision or hearing, and memory problems (ATSDR, 1999).
Since each form of‘mercury has its unique characteristic, the studies of varied properties

and the relationships between mereury compounds in liquid and’gaseous phase.
2.1.1 Properties of mercury

Mercury is found in crude oil, natural gas, soil, and water. Table 2.1 is shown

typical properties of mercury.



Table 2.1 Properties of mercury (Wilhelm, 2001)

Properties Expressions
Symbol Hg
Synonyms Quicksilver, hydrargyrum, and liquid silver

Standard atomic weight

200.59¢-mol ™

Element category Transition metal
Physical state Liquid
Odor Odorless
Vapor pressure 0002 mmHg at 25°C
Vapor density . 7.0
Boiling point j 356.7 -C
Melting point » -38.87 °C
Specific density 13.59

Table 2.2 Properties of mercury compounds in crude oil (Wilhelm, 2001)

Solubility (ppm) | Amount in
Mercury .
State Volatility at 25°C crude oil
compounds
Water Oil
Boiling point 357°C
Elemental (Hg") | Liquid Vapor pressure 0.05 2 >50%
25mg/m*(25°C)
<1 %,
Dimethylmercury o . ' o (10-50 %-
Liquid Boiling point 96°C ? miscible
((CHs);Hg) not
conclusive)




Solubility (ppm) _
Mercury . Amount in
State Volatility at 25°C '
compounds crude oil
Water Oil
Mercuric
. Solid Boiling point 302°C | 70,000 >10 10-50 %
chloride(HgCl,)
Sublimes under
Mercuric sulfide
Solid vacuum; 0.01 <0.01 Suspended
(HgS)
decomposes S60°C
Mercuric oxide . ' Rarely
Solid Deeoinposes 500°C 50 Low
(HgO) detected
Methyl mercuric
. >10,0 < 1%- not
chloride Solid e 1,000 '
- 00 conclusive
(CH; HgCl)

Table 2.3 Characteristic of merCury compounds in‘erude oil and gas condensate (Wilhelm,

2001)

Form of mercury CharaCteristic

Dissolved elemental mercuity | It is soluble in erude o1l and hydrocarbon liquids in
(Hg" atomic form to approximately 2 ppm.

Itfis adsorptive-on metallic compotients (pipes and
vessels), suspended wax, sand and other suspended solid

materials in,liquids,

Dissolved organic mercury They are highly soluble in crude oil'and’gas condensate.
compounds They are similar to elemental mercury in adsorptive
(RHgR and RHgY, where tendencies but differ in their boiling points and

R = CHj3;, C,Hs, etc., and solubilities and thus they are partition to distillation

_ 0
Y =Cl-, etc.) fractions in a different fashion from Hg .

They include dialkylmercury (i.e., dimethylmercury,
diethylmercury) and monomethylmercury halides (or
other inorganic ions).

Dialkylmercury compounds have been detected in

condensates, but their natural abundance across classes of




hydrocarbon liquids is unknown.
Monoalkylmercury is seldom detected in oil and
condensate, inferring that the dialkyls are likewise not

abundant.

Inorganic (ionic) mercury

2

2+ +
salts (Hg XorHg X,,

where X is an inorganic ion)

They are soluble in oil and gas condensate but
preferentially partition to the water phase in primary
separations.

Mereuric chlorides have a reasonably high solubility in
organic liquids (about 10 times more than elemental
mcEcury).

Tonig salts also may be physically suspended in oil or may

be attached (adsorbed) to suspended particles.

it

Complexed mercury (HgK oz
Hng)

They exist inthydrocarbons as a complex, where K is a
ligand such azéj'g}'nprganic acid, porphyrin or thiol

The exijstencé:f'gdfdsuch compounds in produced
hydrecarbons i's;aifhatter of speculation at present

depending in la;gepaﬂ on the particular chemistry of the

_| hydrocarbon fluid.

Suspended mercury

compounds

The most common examples afe mercuric sulfide (HgS)
and selenide (HgSe), which are insoluble in water and oil
but'may] be/presentiasisuspendedssolid particles of very
small particle size.

They. typically contain‘suspended mercury. compounds or

nmiercury ddsorbed on Suspended solids or.both

Suspended adsorbed mercury

This category includes elemental and organic mercury
that is not dissolved but rather adsorbed on inert particles
such as sand or wax.

Suspended adsorbed mercury and suspended mercury
compounds can be separated from liquid feeds to the plant

by physical separation techniques such as filtration or

centrifugation.
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Figure 2.1 Distribution diagrams of mercuryll species established with PSEQUAD software

for an initial coneéntration of Hg(‘Ib = 80 mg/L. (Zhang, et al. 2005)

2.1.2 Fate and transport of mercury‘ to envfgonment

Mercury occurs naturally'in the envj_ronméh{;_The main steps of mercury cycle involve:

rud g4

Mercury emits from natural sources such as rocks, soils, surface water, volcanoes,

J i

and anthropogeni¢ activities which are mining ore, combustion coal and waste, and

manufacturing pr_()cesses. The process causes elemental mercury (Hg") releasing to
the atmosphere. ;

Gaseous mercury moves. to the atmosphere.

Mercury can combine with water and then deposits in the land and surface water.
Elemental mercury converts to insoluble mercury sulfide by photochemical
oxidation.

Mercury precipitates or converts into more soluble form; for example inorganic
mercury converts into organic form by microorganisms. This step is significant,
because methylmercury

Mercury enters the atmosphere or bioaccumulation in the food chains. The possible
pathways are the methylmercury —processing bacteria were consumed by the higher
organisms and the bacteria release the methylmercury into the water, then
methylmercury adsorb to plankton which are can be consumed by the next trophic
levels such as small fish. Small fish were eaten by larger fish finally fish were eaten

by human or animals.
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4 Mercury absorbed through skin, dermal contact, inhalation, and ingestion
and may cause damage to blood, kidneys, liver, brain, peripheral nervous system, central

nervous system (CNS).

2.1.3.2 Acute effect
Mercury causes skin and eye irritation and tissue damage especially, mucous

membranes of eye, mouth, and respiratory tract.

2.1.3.3 Chronic effect
Mercury is toxic to blood, kidneys, liver, brain, peripheral nervous system,

central nervous system (CNS)



2.1.4 Application of mercury

Mercury compounds are widely used in various applications. Medicine, cosmetics,
chlorine production, caustic soda, gold and silver mining, chlor-alkali, paint, pulp and
paper, oil refining, electrical, rubber processing and fertilize, barometers, thermometer,

electrical equipment, dental preparations, and fungicide and bactericide in agriculture.
2.2 Mercury removal

Mercury is one of the meost toxic subsStances for organisms and environment.
Previous research showed several proeesses can iemove mercury from wastewater such as
chemical precipitation, ion exChange, coagulation, solvent extraction and membrane

processes, and adsorption.

Table 2.4 Summary of aqueodus mercury {rcatments (EPA 625-R-97-004)

Treatment methods Initial concentration Achievable Percent
(Lg/L) | concentration (ng/L) removal (%)

Sulfide precipitation 300-50,000  “4 A 10-100 95-99.9%
(+filtration) : j
Co-precipitation 50-500 Sl 0.5-5.0 94-98%
Activated Carbon 10-10,000 (.5-20 80%
Starch and Xanthate 10-100 5-20 80%
Ion Exchange 200-70,000 0.5-5.0 95-99.9%
Reduction 1,800-5:000 10<>100 95-98%
Membrane separation 1,500-9,000 - 90%

2.2.1"Sulfide Precipitation

This method uses sulfide such as sodium sulfide, sodium hydrosulfide, and

magnesium sulfide for converting the soluble mercury to the insoluble form:
Hg™ + S*" — HgS(s)
There contains several steps: pH adjustment, flocculation, and solid separation,

respectively. In case of initial mercury concentration is more than 10 ppm, this technique

can achieve 99.9 % removal. However, it is unsuitable for the pH of wastewater above 9.
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Sulfide precipitation has many disadvantages which are the formation of insoluble mercury
sulfide species when it has excessive dosage of sulfide, the difficulty of sulfide level
monitoring, clarification, and sludge processing, the toxicity of residual sulfide, and the
requirement for sulfide sludge disposal. Although the sulfide sludge was sent to landfill,
mercury can resolubilize (Hansen and Stevens, 1992) then resulted in mercury

contamination in groundwater.
2.2.2 Coagulation/co-precipitation

This method can be usedfor both inorganic and organic mercury. Coagulants are
aluminum sulfate (alum), ironsSalis, and lime. The aluminum sulfate and iron usually use
adsorptive co-precipitation fof mercury removal mechanism (Patterson et al.,1992) The
process is an ion adsorbed‘into'the bulksolid; therefore, the optimization of the bulk solid
formation and pH control can help to ingrédse the treatment performance. The reason why
the pH manipulation acts as an important stef)" is because it optimizes bulk solid surface

change and soluble mercury spe€iation:

i

2.2.3 Xanthate Treatment

Xanthates are a family of compounds prepared by mixing organic matter in alkaline
condition with carbon disulfide. Similar to the reaction between sodium sulfide and heavy
metals, the xanthdtes ‘feacted With meétals to form métal-xanthate,complexes, coagulation,
and subsequent flogculation of metal xanthate complex by the polymer. Due to the low
solubility produet of metal-xanthate eomplexessthe xanthate treatment had been reported to
have high removal efficiency for heavy metals in wastewater(Rao,1971;Wing et. al.,1974;
Bricka, 1988).

2.2.4 Ion Exchange Treatment

Ion exchange is one of the useful aqueous mercury treatments, especially at the
concentration 10 to 100 ppb. This method replaces the ion of contaminants such as
mercuric chloride in the aqueous solution by other ions. Resin has the functional groups
that can interact with both cation and anion depending on the types of resin. Because this
process is a reversible chemical reaction, it can be reversed when the binding force between

the functional group and the attached ion is loose.
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2.2.5 Chemical Reduction

This process can remove the ionic mercury in the solution. Aluminum, zinc, iron,
hydrazine, stannous chloride, and sodium borohydride are the reducing agents for mercury

reduction. In case of stannous chloride, the reaction is
HgCL’+ Sn'"? = Hg"+2Cl+Sn™

This reaction shown thatif there is an adequate stannous chloride for reducing the

dissolved mercury (II) in the solution; mercury will become elemental mercury.

2.2.6 Membrane Separation

The principle of the method can be api;lied for the mercury treatment. A membrane
or semi-permeable barrier isused forseparating the selected contaminants from the water.
This membrane has the specific properties that allow only some compounds to pass, but it
blocks the others. This process includes the Ultr'élﬁltration, charged filtration, crossflow

microfiltration, magnetic filtration, and reverse 0smosis:

2.2.7 Biological treatment

Biological treatment refers to the capability ofimercury-registant microorganisms or
plants to assimilate or accumulate mercury compounds, or convert from form of mercury to
others (Stepan et al. 1993). Generally, this process is not expensive, butit is a long term of
remediation.:Several bacteria can detoxify mercury compounds by converting soluble ionic
mercury compound into elemental mercury by using mercuric reductase. Some bacteria
may change ionic mercury compound into methylmercury which can be converted into

demethymercury or elemental mercury and methane.
2.2.8 Adsorption

Adsorption is a powerful process for removing mercury from wastewater (Zhang,

Nriagu, and Itoh, 2005;Inbaraj and Sulochana, 2006) because it is inexpensive, widely



12

applicable, efficient, and creates relatively little sludge (Kannan and Rengasamy, 2005;

Anoop Krishnan and Anirudhan, 2002).

Adsorption is a natural process which accumulates a dissolved substance at or near
an interface relative to its concentration in the bulk solution and it occurs when the
attractive forces at the surface of adsorbent are higher than liquid. This process plays an
important role in the transport, bioavailabilityy and fate of contaminants and naturally
occurring trace compounds in beth natural and engineered aquatic systems (Eddy, 2003).
The process can occur at solid=solid, gas-solid, gas-liquid, liquid-liquid, or liquid-solid
interfaces. Adsorption is dwaded” into two methods that are physisorption and
chemisorptions. Both methodssoceurwhen the molecules in the liquid phase attached to the
solid surface resulting from the atiractive forces at the solid surface of adsorbent. This force
overcomes the kinetic energy of the liquid of adsorbate.

Physisorption or physi€al adsorption résulfing from energy differences or electrical
attractive forces like weak van der -Waals fdr‘é_és_.‘_‘When this interaction takes place, the
adsorbate molecules are physically fastened thhe adsorbent molecules. This force is
multilayered causing each molecular layer canff)rm on. top- of the previous layer. The
number of layers helps 0 indicate the contaminant concentration. The more molecular

layers occur, the higher concentrated contaminants adsorbed.

Chemisorption: or'chemical | adsorption, happens’ when ‘the reaction between the
adsorbate and the adsorbent. This process 1s one molecule thick and irreversible, because it
has to requiresencrgyfor both perpeses thatyare~the-formation-ef a.new chemical at the
surface area of adsorbent and the reverse the process. On 'the other'hand, physisorption is
the reversible process depends upon the strength of attractive forces between adsorbate and

adsorbent. The desorption occurs when the attractive forces are weak (Cheremisinoff, 1993)

Mercury adsorption consists of the three steps: macro transport, micro transport,
and sorption. Macrotransport or bulk diffusion occurs when adsorbate from the solution
diffuse to the film around the activated carbon, then it diffuses through the film and internal

pore respectively. Finally, adsorbate is adsorbed at adsorption site.



Table 2.5 Comparison between physical and chemical adsorption
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Physical adsorption

Chemical adsorption

Low heat of adsorption

(<2 or 3 times latent heat of evaporation)

High heat of adsorption

(>2 or 3 times latent heat of evaporation)

Non specific

Highly specific

Monolayer or multilayer adsorption

Only monolayer adsorption

No dissociation of adsorbed species

May involve dissociation

Relatively low temperatures

Possible over a wide range of temperature

Rapid, non-activated, and reversible

Activated, may be slow, and irreversible

No electron transfer althoughwpolarization of

1
sorbate may occur ‘

Electron transfer leading to bond
formation between sorbate and surface

"'(strong chemical bonds)

|

Molecules are adsorbed without change in

their chemical bonds

| Adsorbed molecules will change in

"f"(_l:'h(?_lnical bonds

Figure 2.3 Mass transfer
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2.2.8.1 Factors of adsorption process

There are several factors considering important for the adsorption capacity which
are pH (Dias, 2007; Zabihi, 2010), total Hg(II) (Blankenship, 1984), specific surface area
(Ruthven, 1984;Dias et al., 2007), the type of precursor, the temperature during the
activation stage, the frequency of regeneration (Ruthven, 1984), the chemistry of the
metal ion (speciation) or metal ion complex, the surface composition (oxygen), the size of
adsorbing species (hydrated ions about 1.0—1:8m1); and heteroatoms in activated carbon
(Dias et al., 2007). The funetion of pH plays a significant role in the adsorption capacity,
because it influences the forms*6fmetal ions and the surface charge of activated carbon.
The surface charge can be a positive charge when the pH of solution is lower than the pH
of point of zero charge (pHpzcC) and can be a negative charge when the pH is higher than
pHpzc; therefore, a pH increase resulting i an improvement in metal ion adsorption (Le
Cloirec et al., 2008). Ins1984, Blankensﬁip et al. studied the removal capacity of 11
different types of commercial activated carﬁbr’i" for treating mercury(Il) from synthetic
waste. They found that Nuchar SA and Nucha}r SN showed the potential to remove
mercury (>99.9) in pH 2.5 to 11. Seme activelijted;carbons have optimal pH about 4 to 5.
On the other hand, the capacity of mercuf}; “removal drastically decreases in the pH
condition greater and les§ than 4 to 5. Specific Surface aréa is related to the availability of
adsorption site, on the other hand the pore size and the distribution of micropores are
associated with the composition of the activated carbon. In 2004 Moreno-Castilla pointed
to the moleculat, size, Solubility; pKa, and-nature’ of the substituents (only aromatic
adsorbates) mainly influence the adsorption process of activated carbon, because the
molecularsize-ean, determine.the-aecessibility-of-the-adserbate te the pere of the activated
carbon, the solubility”determines “the degree’ of' hydrophobic interactions between the
adsorbate and the carbon surface and pKa mainipulates the dissociation of the adsorbate
(only an electrolyte). In case of aromatic, the substituents have the capability to release
electrons, which affects the non-electrostatic interactions between the adsorbate and the
surface of activated carbon (Dias et al., 2007). Dias et al. (2007) reviewed the literature
from the period and found that the heteroatoms in the activated carbon such as oxygen,
hydrogen, nitrogen, and sulfur are influential in the chemistry of the activated carbon
surface, because they are relevant to the charge and hydrophobicity, electronic density of

the surface, and both electrostatic and non-electrostatic interactions.
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2.2.8.2 Adsorption Isotherm Models

Adsorption isotherm is a principal instrument using for evaluating the
feasibility of activated carbon usage. The adsorption isotherm relates to the amount of
adsorbate adsorbed per unit weight of adsorbent to the amount of adsorbate remaining in
solution. The constants for the adsorption isotherm determine the adsorption capacities of
each activated carbon for different chemicals. There are several factors affecting the
isotherm, which are carbon preparation and desagespH solution, temperature, and contact
time. Carbon dosage should be enough for adsorption and the maximum adsorption
capacity. Solution of pH 1s.the€ssential factor, because adsorption process is pH
dependent. Generally, high temperature provides a faster rate of diffusion of contaminants
into the pores of adsorbent. Fhedast factor is contact time, a sufficient contact time must
be provided to reach adsorption equilibrium. Adsorption isotherm provides the useful
information of the adsorbability of chemical to activated carbon, the weight of chemical

adsorbed per unit weight of activated carbon, the degree of removal, and the pH effect.

i

2.2.8.2.1 The Freundlich Model

The Freundlich expressioh.'{éan empirical model using for nonideal
adsorption that involves-adsorption on a heterogeneous surfaee. The Freundlich model is
commonly presented as

qe — KFCel/n

The equation can be linearized by taking loarithms
logq = logKFh glog C.

The constant Kr ( mol g) and 1/n which related to the adsorption capacity and adsorption
intensity of the adsorbent can then be evaluated from the intercept and slope of logq.

against logC, plot.

2.2.8.2.2 The Langmuir Model
According to Langmuir model, adsorption occurs uniformly on the
active sites of the adsorbent, once an adsorbate occupied a site, no further adsorption can

take place at this site. The Langmuir model is expressed as
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q _ quACe
° 1+K,C

e

where, qmax 1S the maximum amount of metallic mercury adsorbed ( mol g)

K4 is the affinity coefficient of activated carbon for metal ions, coefficient in the Langmuir
equation ( mol)

e is the amount of metallic mercury adsorbed atequilibrium ( mol g)

C. is the equilibrium concentration ( mol ).

The constants qm,x and K canbe evaluated fromi the Tifear form represented by the

equation

A plot of 1/qc versus 1/C, rgsults in‘a straight ij_ne with a slope of 1/ Kagmax and an intercept
of 1/qumax o .
2.2.8.2.3 The Brunauefijfn}.gllett-Teller (BET) model

The Brunauer-Emmett-Teller »(BET) medel extends the Langmuir

model, which is a monoldyer adsorption, to include multilayeradsorption phenomena.

The BET isotherm model-s:

Ge (max

9= c <. - GG,
The BET equation can‘be linearized ‘as
Ce _ - Cs
=—+ ()
Cs‘ce (e (max (max Cs

where, (. is the amount adsorbed per unit weight of adsorbent ()

C. is the concentration of solute remaining in solution at equilibrium

C, is the saturation concentration of the solute

Jmax 18 the amount of solute adsorbed per unit weight of adsorbent in forming a complete
monolayer on the surface

is the constant expressive of the energy of the interaction with the surface.
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A plot of C. / Cs versus C. /[( Cs — C.) qe] results in a straight line with a slope of
[( - ) Qmax] and intercept of 1/Kg qmax.

Figure 2.4 Adsorption isotherms

2.2.8.3 Adsorption column

Adsorption by granular activated carbon can be used in batch, column, and
fluidized-bed operations./A continuous process utilizes adsorption capacity of activated
carbon higher than a batch'mode and results inmore efficient and economical process. In
addition, there are three main parameters| influences on the granular adsorption design
which are contact time, rate of carbonsusage, and pretreatment. The,contact time involves
the amount ‘of activated icarbon” used for adsorbing chemicals' in |the wastewater,
equipmentsize, and the capital cost. The rate of carbon usage indicates how often the
activated carbon must be replaced. The pretreatments which rely on the pH solution,
suspended solid, and oil of the wastewater are required to reach the optimum adsorption
process. This information cannot be provided by batch test; therefore, the column
adsorption test performs. Column may accomplished by upflow or downflow. In case of
downflow operation, the granular activated than a batch mode, because it operates more
efficiently and economically. Column may accomplished by upflow or downflow. In case
of downflow operation, the granular activated carbon acts as the adsorption and filtration,
but it requires eliminating pretreatment filters and frequent backwashing. On the other

hand, upflow operation takes the advantages of minimization of head loss, channeling,
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and fouling of granular activated carbon. The operating data for column adsorption test
are carbon characteristics, column diameter, flow rate of wastewater, weight of carbon,
inlet, outlet, and target concentration of contaminants. In this experiment, the purpose of
column tests is to obtain breakthrough curves showing how the concentration of the
effluent vanes varies with the volume of liquid treated. Breakthrough curve will increase
when higher bed depth of column, lower flow rate and concentration of adsorbate, and

smaller size of adsorbent to increase surface area for adsorption.
2.2.8.3.1 Adsorption colunin model

There are many'methods for designing the column adsorption test such as
scale-up approach and Bohaut Adams model. The purposc of column tests is to obtain
breakthrough curves showing how the concentration of the effluent vanes varies with the

volume of liquid treated.

2.2.8.3.1.1 Scale-up apptoééh

In 1966 Fornwalt and Hutchins déveloped the scale-up approach so as to
design the column of carbon adsorption. This method relies on the data of a breakthrough
curve from a column test. This column test can be laboratory or pilot scale which operates
at the same flow(zaté and contact time ‘as the design column.“The contact time can be
estimated from the) breakthrough volume, the solute concentration, the maximum solid-
phase congentration, and otherrelevant data; The.major advantages of the design procedure
are to simplicity and little experimental‘information required.
T, = contact time and equal to € Qy
¢ = the pore fraction

The bed volume of the design column is determined by

Bed volume (BV) = QQ

Q = flow rate of design column in terms of bed volumes per unit time
Qyp = flow rate of test column in terms of bed volumes per unit time (usually 0.2-3.0 bed

volumes per hour). This value results from the assumption that the same contact time (T)
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of test and design column given the same volume of liquid treated per unit mass of
adsorbent (V) of test and design column

Te=¢ Qyp

¢ = the pore fraction

The mass or weight of the adsorbent is given by

The volume of liquid treated 1258 0 a | orbent is computed from

Vg = the breakthrough vo he b; ve of the test column. This value
is determined for the allowa nt Solf e ce ration (C,).

M = the mass of the adsorbent

The mass of adsorbent e 1 hou f the design column is determined by

o-ream sl HEANEN NGNS
A B AANDIUNNINY1AY

oM
M

M = the mass of adsorbent in the design column.

The breakthrough volume from the breakthrough curve of the test column for the allowable

breakthrough concentration (V) is computed from

VB=QT
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when activated carbon particles are placed in a solution containing an organic solute and
the slurry is agitated or mixed to give adequate contact, the adsorption of the solute occurs.
The solute concentration will decrease from an initial concentration, Cy, to an equilibrium
value, C., if the contact time is sufficient during the slurry test. Usually, equilibrium occurs
within about 1 to 4 hr. By employing a series of slurry tests, it is usually possible to obtain
a relationship between the equilibrium concentration (C.) and the amount of organic

substance adsorbed (x) per unit mass of activated carbon (m).

2.2.8.3.1.2 Bohart Adams model

Bohart'Adams imodel is used for deseribing the breakthrough curve

Co = the feed mercury concentration ( ;

C; = the effluent mergury conc‘entratioﬁ'(fhg/l)

No = the adsorption capacity of the bed‘iﬁgg/l)

k = the rate constant (I/mg h} =

H = the bed height (cm) =

v = the linear flowrate (cm/h) obtained by dividing the flow rate by the column

section area.

EXHAUSTION

BREAKTHROUGH
VOLUME TREATED

Figure 2.5 Mass transfer steps in adsorption by activated carbon

2.3 Activated carbon
Numerous studies have attempted to investigate mercury adsorption by activated
carbon (Anoop Krishnan and Anirudhan, 2002; Khalkhali, 2005; Kannan and Rengasamy,

2005). Presently, activated carbon is the most widely used adsorbent. It is categorized as a
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physical and nonpolar adsorbent. It can be produced from a wide variety of carbonaceous
materials such as bones, coals, wood dust, peat, nutshells, and wood charcoal can produce
to be activated carbon. It has an extremely high internal surface area. A total surface area
range of 450-1,800 m*/gram has been studied. Typically, a commercial activated carbon has
a surface area about 1,000 m” per gram. It means that it can accumulate a large number of
contaminants. Chun et al. (2007) demonstrated that activated carbon (AC) is an efficient
adsorbent for the removal of various contaminants in aqueous and gaseous phase, due to its
high efficiency and easy application (Mohan, 2004); high surface areas, well-developed
internal microporosity structure; and several surface functional groups (Chingombe, 2005;
Zabihi et at., 2010), resistant strueturé to acidic and basic condition, stable structure at high
temperature including above M0O0K, several physical forms such as granules, pellets, and
fibers, modifying hydrophiligity/simple recover the active phase by burning the carbon
support (Marsh et al., 2006) #Inhis major study, Swiatkowsk 999 identifies a typical
activated carbon has an extensive/internal surface area implied by high specific surface
areas (commonly in the range of 1000-1500 -'r‘h2/g), a highly developed porosity, a high
degree of surface reactivity and a large capaéi?i}?,?(‘)r adsorbing chemicals from liquids or
gases. From its utilities, the demand of activatedféé&bon has expanded greatly in an attempt
to solve the hazardous problems rising due to the contamination of water supplies and flue
gases Swiatkowski, 999~ The characteristics of vatious activated carbons are considered
for the application. Zabihi (2010) identifies that the characteristics of activated carbon
depend on the physical and.chemical properties of the raw materials and the activation
method. According,to'the particle'shapes and Size of activated ¢arbon, it is divided into five
group;  powdered, granulated, spherical, pelletized or fibrous activated
carbons Swiatkewski, 999, ..~ Granular activated, carben, is jan, effective and common
adsorbent system for ‘industrial wastewater treatment(Capsule Report:“Aqueous Mercury
Treatment, 1997) due to its high surface area to volume ratio; therefore, it can accumulate
abundant contaminates (Granular activated carbon, 1992). In 1999, Swiatkowsk reported
that granular activated carbon is an option that can remove mercury from water. Moreover,
commercial activated carbons such as powder and granular have been applied to remove
mercury (Blankenship, 1984).

In the adsorption process, the interactions between the surface of carbon and the
adsorbate occur. These interactions can be electrostatic or non-eletrostatic forces. In case of
the adsorbate is an electrolyte, the electrostatic interaction happen when adsorbate
dissociates in aqueous solution. There are three main factors that cause this force can be

attractive or repulsive: charge density of carbon surface, chemical characteristics of the
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adsorbate, and the ionic strength of the solution. Other interactions are non-electrostatic
forces that can be van der Waals or hydrophobic including the hydrogen bonding. These
interactions are attractive forces (Dias et al., 2007).

The issue of adsorption mechanism has received considerable critical attention. Dias
et al. (2007) highlight three mechanisms that explain how the ionic species can attach to the
surface of activated carbon in order to remove these ions from the solution. First
mechanism is based on the electrostatic 'interaction between the adsorbate and the
adsorbent. This process relies on the function.of the surface areas of activated carbon,
especially oxygen surfaces complexes (ion=exchange). Second mechanism states that raised
adsorption potentials-like the narfowest microporosity- may cause adsorb and hold ions.
Third mechanism indicates that thé hard and soft acids and bases concept resulting in the
amphoteric nature of carbon surfaces (Dias et al., 2007). Not only electrostatic, van der
Waals, and hydrophobicsinteractive, bt Eﬂsg the chemical interaction which is the
relationship between the chemigal groups at the surface of carbon and the solute (Gaspard,
2006). United States Environmental PrOtection-‘Agency (1997) reported that chemisorption
help to enhance the mercury removat, Althf'):’_ifg}‘l_‘the activated carbon has a variety of
application, it has some limitations, for exampie,i 1t is not proper to adsorb toxic gas with
low molecular weight, dlow boiling point, an(.i: ﬁéjéfity, because of its low capacity and
limited retentivity of adsorbate (Marsh et al., 2006). There are several studies that are
attempted to overcome the limitation and add the additional capacities to the activated
carbon. Yin, Aroua, and Daud (2007) carried out a number of investigations into the
modification of activated' carbon' The purpose of modification-is to develop affinity of
activated carbon fot contaminants from various industrial wastewater. The modification of
activated earbon is, divided-inte-thtee major, groups (thatyare«physieal, chemical, and
biological characteristics.

In the chemical characteristic, it refers to acidic, basic, and impregnation of foreign
material. Heat treatment and bioadsorption are related to the physical and biological
modification respectively. Each modification technique has the advantages and

disadvantages as follows in the Table 2.6.
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External surface

Internal surfzoce

Baternal surface

Submicroperes {r< 0.8 nmn)
Micrepores (0.4 i < r<1 nm}

Masopores (1 nm < r < 25 nm)

Macropores fr » 25 nm]

Internal surface

Parous structure [schematically)

Figure 2.6 The structure of'activated carbon (http://www.activated-carbon.com/enviro.html)

Modification of activated carbon

Chemical Physical Biological
Modification Modification Modification
| ) =, % | J |
| | | |
Acidic Basic Imprega nted Heat . .
Treatment Treatment Forelgn Treatment Bioadsorption
Material

Figure 2.7 Chart of categories of activated carbon modification techniques
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Table 2.6 Lists of advantages and disadvantages of the modification techniques (Yin et al.,

2007)

Modification Treatment Advantages Disadvantages
May decrease BET
surface area and pore

” ‘ volume
Increases acidiefunctional
' : Has adverse effect on
i groups on activated-earbon .
Acidic . uptake of organics
surface\and chelation .
iF a1 ' May give SO, (from the
ability with metal species )
Chemical 2 treatment with H,SOy)
characteristics 1 or NO; (from the
treatment with HNOj3)
‘ Enhances uptake of May decrease the
Basic e S /N )
oTganics uptake of metal ions
_ — . | May decrease BET
Impregnation of- -InCreases n-built catalytic
_ _ o p surface area and pore
foreign material | oxidation capability
volume
_ Decreases oxygen
Physical Enhances BET surface
o Heat surface functional
characteristics area and pore.volume
groups
Bacteria can help to Impede diffusion of
Biological _ _ prolong activated catbon adsorbate by biofilm
o Bioadsorption o ¥Vl | ' '
characteristics by rapid oxidation of encapsulating activated
organics. carbon

From Table 2.6, it is showed that impregnation of foreign material techique can be a

suitable method to enhance the adsorption capacity of the activated carbon. The definition

of impregnation is a fine distribution of chemicals on the internal surface of activated

carbon (Schifer). Schifer highlights the principal three reasons that impregnation proposes

the additional capacities which are optimization of existing properties of activated carbon,

synergism between activated carbon and impregnating agent, and use of activated carbon as
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an inert porous carrier material. In case of oxidation, the impregnation help to boost the
oxidation capacity of activated carbon, for example, potassium iodide impregnated
activated carbon support the oxidation of hydrogen sulfide to sulfur Sulfur on the surface of
impregnated activated carbon can help the reaction between mercury and sulfur occurs at
room temperature. In addition, the impregnant on the surface of activated carbon provides
the availability of a large internal surface area for reactants, for example, phosphoric acid

impregnated activated carbon can be usg¢d for the removal of ammonia vapors.
H:P0, #3 NH3={NH,);P0,4

According to the a numbegotresearch such as sulfur, halide, and thiols impregnated
activated carbon, they supportsthat the impregnated activated carbon has a superior
properties to activated carbon (Chung et al, 2009; Yin et al., 2009). Schéfer reviewed

different types of commercialdmpregnated acitivated as in the Table 2.7.

Table 2.7 Commercial impregnated activated c_d_rbbn (www.activated-

i

carbon.com/enviro.html) iy

Chemicals Quantity (wt %) Activated carbon Examples for application
Sulfuric acid 2-25 pelletized Ammonia, amine, mercury
Sulfur 10-20 pelletized and Mercury

grantilated

Thetefore, the studies-of-impregnated activated.carbon for.mercury removal occur.
Several research ‘found that the impregnated activated-carbon-help to develop the capacity of
mercury removal (Gomez-Serrano et al., 1998; Li et al., 2003; Bylina et al., 2009). There are
different chemicals such as sulfur, chlorine, bromine and iodine that have been found to be

potential impregnants for capture of elemental mercury (Padak, 2006).

From Table 2.9, it shows the information that should consider when use these

impregnants in the mercury removal system.
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Table 2.8 Group of components supported on activated carbon (Nishino et al., 1985)

Group | Component

| Sulfur

11 Sulfate and nitrate of Al, V, Fe, Co, Ni, Cu, Zn or NH4

IIT | Oxide of iodine, oxyacid corresponding to the oxide of iodine, salt of said oxyacid,

and bromide and iodine of K, Na or NH4

Table 2.9 Impregnated activated earbon qualities formercury removal

Impregnation Purifieation‘efficiency | Adsorption capacity | Corrosion problems
agent ‘
None Péor * | Poor None
Potassium iodide Good y Good None
Sulfuric acid Gogd., .. . Very good Possible
Sulfur Very good . Very good None

7 P

Chemicals of sulfur impreghated activatéd-éarbon (SIAC) can be disulfide, elemental
sulfur, and thiophene which were sugegested to increase the-capacity of mercury adsorption
(Cai and Jia, 2010; Mohan ct al., 2001). Feng, Borguet, and Vidic (2006) demonstrated that
sulfur is the most efficierit for mercury adsorption. The cause of SIAC is more efficient than
activated carbon, because the impregnation.agents on the surface.of activated carbon provide
sites where the chemisorption occurs (Vidic and Siler,-2001). ' United States Environmental
Protection Agency (1997) reported that chemisorptien.help to enhanée’the mercury removal.
This issue“is supportéd by the studies,that' found the mercury is adsorbed on the activated
carbon surface, especially at the high concentration areas (Karatza, 2000; Vidic and Siler,
2001).

The process of adsorption can shift from physical adsorption which is exothermic to
chemical adsorption (endothermic) resulting from the increasing temperature. Particularly at
low temperatures, physical adsorption refers to the mercury adsorption on activated carbon
that has higher surface area and lower sulfur content. At high temperature, chemisorptions
refer to the activated carbon that has low specific area and high sulfur content (Bylina et al.,
2009). To have the effective mercury adsorption should be concerned about the impregnation
temperature and sulfur carbon ratio (SCR). In 1998, Liu, Vidic, and Brown published a paper

in which they found the temperature of impregnation is more important for the adsorption
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capacity than SCR, because temperature has a large impact on the physicochemical properties
of SIAC such as surface area, sulfur forms, and the contents (Hsi et al., 2001) In the
impregnation method, the proper chemicals, organic and inorganic process of impregnation
such as soaking and spraying are concerned (Marsh et al., 2006). Although SIAC is prove to
be the potential alternative for mercury adsorption both gas and liquid phase (Ho et al.,2005),
few research are dealing with mercury contaminated wastewater comparing to the mercury
vapor adsorption(Wang et al., 2009). There are still lacking the studies of aqueous mercury
removal by SIAC, because the information suche.as the effect of water chemistry and
mechanism is not enough to elarify. It is important to-understand the characteristic of mercury
adsorption and associated mechanisis before SIAC can use for removing mercury from
complex solution (Wang et aly2009): Sinceimercury contaminated wastewater treating in this
research coming from condensation process, the dominant mercury species in hydrocarbon
are considered, because the propertics of each form are different.

As dissimilar properties result in Va&iﬁg method for mercury removal, Table 2.10
performs the appropriate optigns for mercury fé‘inbval in hydrocarbon and water.

As shown in Table 2.10, the activated cé;Bq? adsorption is a suitable mercury

removal method for both hydrocarbon asnd Water—.*?

-
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Table 2.10 Comparison of the mercury removal systems for hydrocarbons and water
(adapted Wilhelm, 1999)

Mercury in Method

Hydrocarbons Reactant Substrate

Carbon

. A 1203 Carbon
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CHAPTER III

METHODOLOGY

3.1 Experimental framework )

This section described.the"details of the mercury adsorption by activated carbon. As
can be seen from the Figure™3. Lythe overview of all experiments and expecting outcomes
were presented. The purpesc of this study 1|s to investigate the mercury adsorption capacity
of several activated carbons#This work beg@"from the wastewater characterization, which
was one of the most important stéps, becausé; it can guide the characteristics of wastewater
and indicate the problems’ of €xisting. mercﬁf}_{ treatment unit of petrochemical industry;
therefore, a suitable method was perfprmed.“,Til_c_ second step was about a preparation of
adsorbents. Before using adsorbents ifi the prchES‘%, it was necessary to prepare activated
carbons in order to achieve the maximum capag_it)é.- Batch adsorption test was provided in
the next step. The results from this part will indicate the optimum conditions for applying in
the test and design column, Column adsorption part will inform the desired conditions and
parameters requiring for design criteria for the column in the petrochemical industry. To be

the practical treatment, efficieficy of the mercury treatment and cost analysis were carefully

considered; thereby, theicast ofithe treatment per unit was analyzed in the finally step.

These~tasks: were “categonized «into five) sections followed experimental framework
(Figure 3.1). It referred to wastewater characterization, selected adsorbent preparation,

batch adsorption test, column adsorption test, and design criteria, and cost analysis.
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Procedures

Expecting results

Wastewater characterization

Recognize the problem of high

A

mercury concentration after activated
carbon adsorption

Il

Selected adsorbents preparation

Prepared activated carbons

£

Batch adsorption‘test

e Equilibrium time
e pH

e Adsorption isothetm:

Optimum conditions for test and

|

Column adsorption test

A 4

design column for petrochemical
industry

| |

3§ Optimum conditions for test and

design column for petrochemical
industry

Design critenia and cost analysis

Required amounts of activated carbons
for column adsorption test and cost per
unit treatment

Figure 3.1 Experimental framework



3.2 Chemicals and materials

Chemicals and materials using in this experiments were shown in Table 3.1, 3.2, 3.3, and

3.4.

Table 3.1 Chemical and materials

Chemicals and materials Company
CGC-12 €. Gigantic Carbon Co.,Ltd.
Filter paper Whatman®Schleicher&Schuell

Hydroxylamine hydroghloride

Carlo Erba

Mercury(Il)nitrate

Ajax Finechem

MERSORB LW

NUCON International, Inc.

Nitric acid 65%

Carlo Erba

NORIT GAC-1240

NORIT Americas Inc.

Potassium permanganate

Ajax Finechem

Potassium persulphate

Ajax-Finechem

Sulfuric acid 96%

Carlo.Erba

Table 3.2 Properties of CGC-12 (application for solvent recovery)

Properties Value
Total surface area m”/ gm 1,100-1,150
Pore volume (within particle) c.c/gm 0.75
Void in dense packed column 50%
Apparent density (bulk density densepacking) 0.46-0.51
Particle density (Hg displacement) gm/c.c. 0.85
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Properties Value
Real density (He displacement) gm/c.c. 2.2
Ignition temperature (°C) minimum 450
Iodine number (mg/g) minimum 1150
Carbon tetrachloride adsorption (%weight) minimum 65
%Ash maximum 5
Moisture (% as packed) maximum 5
Hardness number (ball pan)minimuta 98
pH \ 9-11
Surface Area, base carbon, No BET (m2/ ) 1,000
CCly activity (ASTM D 3467) weight % i 60
Hardness (ASTM D 3802) % 97
Apparent Density (ASTM D 2854) 163/t (550 ﬁgAIR3) 34
Moisture Content (ASTM D 2867) weight %, m;x: as packed 3
Sulfur Content weight %= 13
pH (ASTM D 3838) 6-8
Hg Capacity, max. weight % 75

Table 3.3 Properties'of MERSORB “LW (Sulfur impregnated activated carbon)

Physical properties

Value

Total surface area m*/gm

1000

Apparent density (bulk density dense packing)

35 Ib/ft’ (560 Kg/m?)

Carbon tetrachloride adsorption (%oweight) minimum 60
Moisture (% as packed) maximum 3
Hardness number (ball pan) minimum 97
pH 3-5
Sulfur content 13 wt.%




33

Table 3.4 Properties of NORIT GAC 1240 (Activated carbon used in the petrochemical

industry)

Physical properties Value
Apparent density (bulk density dense packing) 31 Ib/ft
Moisture (% as packed) maximum 2
Mesh size 2
Iodine number 1020
Molasses number 230

3.3 Wastewater characterization .

Physical and chemicald analyses -jpf ' mercury contaminated wastewater of
petrochemical industry were performed to f"_fc_yal.luate the performance of the existing
treatment units for mercury in this petrochemiecal plant. There were four times for collecting
wastewater from condensate tank.'The first ti’_ﬁié‘:-"of sampling, raw wastewater, and the
wastewater passing each treatment process waéj_-cdllected so as to study the efficiency of
existing treatment unit of this plant. Other collections were only provided for adsorption
tests. Table 3.2 presented various parameters were analyzed for wastewater followed by
Standard Methods for the-Examination ot Water and Wastewater of APHA, AWWA, and
WEF in 1992.

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

This point will examine pH, soltible solids, TOC, total and seluble mercury, FOG,
COD and ¢hloride.

Point 2: After cartridge filter (representing a filtered wastewater before mercury
removal and sample at this point will be used in this study)

This point will examine pH, soluble solids, total and soluble mercury.

Point 3: After wastewater passing through the adsorption tower #1 (representing the
treated effluent)

This point will examine pH, TOC, and soluble mercury.

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

This point will examine pH, TOC, and soluble mercury.
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Point 5: After wastewater passing through the adsorption tower #3 (representing the

final effluent from existing mercury treatment system)

This point will examine pH, TOC, soluble mercury, and COD.

Table 3.5 Parameters detecting in each point of wastewater sampling

Parameters Sampling point
Raw Cartridefilter | AC#1 AC#H2 Effluent

wastewater(1) (2) A3) “4) 5)
pH v v v v v
TSS (mg/1) v v X x X
TDS (mg/l) v x | X X x
FOG (mg/l) o - Y X x X
COD (mg/l) v} x: / X X v
TOC (mg/1) v x4 v v v
Hg (ng/l) 4 % I v v
As (mg/l) v P v v v

Table 3.6 Method using for wastewater characterization

Parameter Method
pH Electrometric method (4500-H-B)

COD Closed reflux, Titrimetric method (5220-C)

TOC High-temperature combustion method (5310-B)

FOG Partition-gravimetric method (5520-B)

TSS Total suspended solids (In-house method SPS T02)

TDS Total dissolved solid dried at 104 & 2 °C (In-house method SPS T03)
Hg (mg/1) Cold vapour atomic absorption spectrometric method (3112-B)
As (mg/l) Hydride generation/atomic absorption spectrometric method (3114-C)

3.4 Selected adsorbents preparation

In order to pursue the maximum capacity of adsorbent, the pretreatment of activated

carbons were provided. The activated carbon will then be rinsed with 15 mQ DI water to
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clean the dirt and will be dried at room temperature and 103 °C for a day, respectively, and

kept in a desiccator until used.

3.5 Batch adsorption test
The purpose of this section was to determine the optimum conditions of mercury
adsorption process for designing the continuous test. This section had three major parts

which were equilibrium time, effect of pH, and/adsorption isotherm.

3.5.1 Equilibrium time

This part will be carmied oui-by agitating 100 ml'of real wastewater with 100 mg of
activated carbons in a ~250-ml erlenmeypr flask on "a mechanical shaker at room
temperature. At predeterminedstime of 0, 1, 2, 6, 12, 24, and 48 hr, 15 ml aliquot will be
sampled by a syringe and filter,through 6 ur;n]ﬁlter paper. The pH of each sample will be
measured by a pH meter /Filfered” samples will be analyzed for the total mercury
concentration. 3
3.5.2 Effect of pH 2

Mercury treatment by activated carbon 'i'r'l.vélved adsorption of soluble mercury onto
the carbon. As a result, pH was an important factor for precipitation of metals and organic
compounds, including formation of complex compounds. Study of solubility of mercury in
various pH levels, which were 2 to 9, was required.

In this part,100,ml of-real wastewater.with 100.mng-of.activated carbons will be
added into each 250-ml erlenmeyer flask ‘and ‘adjust pH to 2, 5,%and 7 by either HNO; or
NaOH. The flasks will then be mixed by a mechanical shaker cofitfolled at 30°C until
reaching the equilibrium (ebtained from previous part). Fifty ml of sample will be taken by
a syringe and filter through 6 pum filter paper and then digest wastewater followed EPA
7470A Mercury in Liquid Waste (Hydride Generation Technique), and finally, analyzed for
mercury content by Atomic Absorption Spectrophotometer. The pH of each sample will be

measured by a pH meter.

3.5.3 Adsorption isotherm

Different amounts of activated carbons will be added to 250-ml erlenmeyer flask
containing 100 ml of real wastewater at optimum pH obtained from Section 2. All testing
procedure will follow those described in Section 2. Obtained data will be used to determine

the adsorption isotherm which best explains the observation.
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3.6 Column test

Information obtained in the batch test was used to setup experimental scenarios for the
column test. In this part, bed depth and filtration flow rate were investigated for desired
empty bed contact time (EBCT). The column test continued until reach the breakthrough
point at the concentration of mercury exceeded 5 Bg/L (industrial effluent standard for
mercury in Thailand). Sometimes it operated until the inlet concentration of mercury equals
to the outlet concentration of mercury to caleulate the maximum adsorption capacity of
activated carbon under colummn eperating condition:The outcome of this section will be
applied in the design criteria forréal tteatment unit of petrochemical industry and evaluate

cost analysis for economic.approach.

Table 3.7 Parameters of gXisting/and tested column

Parameters Existing column Tested column
Size of column 57 cm' (@) X 2§8d9m (h) 5 cm (@) x 22.5 cm (h)
Adsorbent volume 53 EE 0.44 L
Flow rate & m/day (5.56iL/min) 3.67 mL/min
Viow _ 2.18 cm/min : 0.19 cm/min
EBCT ' 2k 2h

3.7 Design.eriteria, and-cost.analysis

Obtained outcomes from batch and column adsorption tests were applied for design
the real tr€atménttnit forimercuty contathinatédwastewater' from eOndensate tank.

Calculate the expenses of a treatment per unit for cost analysis.




CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Wastewater characteristics

Wastewater from mercury treatment /syStem of petrochemical industry were
collected at five sampling points and analyzed as-shown.in Table 4.1. The characteristics of
raw wastewater collected on 7 -June 2012), indicated that it was acidic, low suspended
solid, even though it contained high dissolved solid whieh might compete with mercury for
adsorption sites of activateds€arbons/ The level of FOG (fat, oil, and grease) is not a barrier
for adsorption process. Dug'to s high levels of TOC and COD, mercury adsorption by
activated carbon might b¢ interfered by orgaﬁ:ic carbon. The average mercury concentration
was about 459 ng/L , butiit reduced to 125""‘u'g/'1_4 after filtration through 6 micron filter
paper. It showed that mercury was -m‘ost adééfbéd on suspended solids which are easily
separated by filtration. The filter papers accurr;ﬁfattpd high levels of mercury; therefore, the
appropriate methods for elimination were _qu?fully considered. Another hazardous
contaminant is arsenic. [he concentration of aréeﬁic was 167 mg/L which is higher than
industrial effluent standards of 0.25 mg/L from Pollution Conirol Department (PCD). Most
forms of arsenic are arsenate (AsO;’) and arscnite (AsO;) which are negative charges.
These ions hardly affect to adserption process@f mercury that is positive charge at neutral
and acidic conditions.|High concentrations of c¢hloride were concern, because it can form
complex with mercury causing less adsorption at the surface of activated carbon.

Sampled wastéwiater frompoint 2-had lower pH, because wastewater was adjusted
to be acidi€. Suspended solids lowered after filtration with 5 micron filter papers.
Concentrations of mercury and arsenic in wastewater from point 2 were closed to
concentrations of raw wastewater, which were contrast to the results showing that the major

parts of mercury were separated after filtration.

After the first activated carbon column, the mercury concentration was found to
decrease slightly, but TOC was considerably three times higher than that in the raw
wastewater. Wastewater passing through the second column was slightly different from that
passing through column 1. However, the characteristics of wastewater passing the third

column was not similar to the former, it had high pH, TOC although mercury concentration
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decreased significantly. The variations of wastewater characteristics from each point of
treatment unit were different from the theoretical profiles resulting from the varied qualities
of raw wastewater and holding wastewater in the condensate tank. These causes were the
reasons why mercury concentration and organic carbon did not decrease respectively. The
results indicated that activated carbons in the columns were exhausted and the rates of
wastewater input were too fast to be adsorbed by activated carbons. Nevertheless, filtration
with 5 micron filter paper used as a pretreatment process which can trap grease and
suspended solids so as to make wastewater stiitable for the adsorption process. The
deterioration of activated carbonfrom fat ¢oating andsuspended solids occurred gradually,
because the raw wastewater was-contained little of them.

In addition to first yxp‘hng on 7' iune 2010, wastewater was collected two more
times on 30™ September 20104 and 24" December 2010 during the project.  The results
showed that each samplm/ produced was?water with different characteristics. In the
second collection, the conceﬂtratlon of total mprcury and filtrate mercury (after filtrate with
6 micron filter paper) were 85 and 18 ug/L respectlvely For the last sampling, it was found
that the concentration of total mercury and ﬁ}t}ate mercury were 22.5 and 4.8 pg/L

respectively. The summary of WasteW’crter chamterlstlcs from three time collections were

performed in Table 4.1. i i

Total remediate

A -, Wastewater
Condensate system
Tank
H. 5 - Tax
"1 Sample &
Pz ‘b = = == ; ;
su " Acid buffer Acid Mw.,
451 L ﬁf‘fi’-‘; al *,:i Y
Sample 1 Bl %
v
e B I i
o l < = 2R A
Cartridge = - —_— —
filter Activated Activated Activated |
carbon carbon carbon |
Column 1 Column2 | Column 3
: L3
Sample 2 Sample 3 Sample 4

Figure 4.1 Sampling points from the mercury treatment system
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30 Sep 24 Dec 3 Mar
7 Jun 2010
2010 2010 2011
Raw Cartridge AC AC AC
Parameter Raw Raw Raw
wastewater filter column | column | column
wastewater | wastewater | wastewater
1 2 3
(1) (2) (3) @) Q)
pH 5.01 2.43 2. 39 246 6.01 4.4 4.36 4.34
TSS
43 22 - - - - - -
(mg/l)
TDS
5,769 - - |- - 1,364 1,788 -
(mg/l)
FOG =
6 r 4 % - - -
(mg/l)
COD
6,749 - - =, | 9,537 2,498 5,976 3,316
(mg/1) dia
TOC ey
1,394 - S;3167 1 5,218 ful,692 923 2,097 1,002
(mg/l) ‘ =
BOD
- - - - 298 300 308
(mg/l)
H /1):-
elnegh 508 572 372 411 130 85 73 22.5
Total
- 6um
125 - - - - 18 1.3 4.8
Filtrate
As (mg/l) 167 174 161 168 99 - - 52.05
Chloride
926 - - - - - - -
(mg/l)

This analysis showed that wastewater from condensate tank contained a variety of

elements affecting the adsorption of mercury by activated carbon.
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Table 4.2 Chemical analysis of wastewater sampled on 3 Mar 2011

Element | Concentration (mg/L)

Ag 0.007
Al 0.392

B ND

265.187

AUE NN FMEINS

NANYAY

0.937

QRIAINGE

4.2 Effect of pH in mercury solubility in water

Mercury treatment by activated carbon adsorption concentrated on soluble mercury.
As aresult, pH is the important factor for precipitation of metal and organic
compounds including formation of complexes. Consequently, study of mercury solubility at
various pH values was required.

Previous research described the favorable condition for activated carbon adsorption

at neutral pH. In this study, the wide range of pH values, from pH 2 to 9 were investigated
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as shown in Figure 4.2. The graph showed that the concentration of filtrate mercury
increased slightly when the pH rose. The advantage of this study was the results were more

accurate when mercury concentrations were compared at different pHs.

---‘-——!—y trate with 6 micron filter

Figure 4.2 Effect of o‘

4.3 Adsorption ofFrTercur n-wastewater

| ’JVIW]’?WEJ’]ﬂi
a‘mmmm UA1AINYAY

4.3.1.1 Equilibrium Time

Equilibrium time played an important role in determination of adsorption isotherm.
In this part, two types of activated carbons, MERSORB “LW and CGC-12, were tested.
Results in clearly showed that of the adsorption process began to reach an equilibrium in 12

hours; therefore, 24 hours was selected as a equilibrium time for the following experiments.
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Figure 4.3 Adsogptionof mef’guf*fy by activated carbon 1 g/L

4.3.1.1.2 Effect of pH :

The pH condition has a great iﬂrﬁgqt_ on mercury ions in water and surface
charge of activated carbons. In this reséarch, thfét; ;H conditions which are 2, 5, and 7 were
investigated. The previous research showed thatf)H 5uis the most suitable condition for
activated carbon adsorpfion:On the other hand; pH 2 was used as a present condition in the
mercury treatment units of petrochemical industry. Wastewater used in this test came from
the second collection; therefore, the concentrations of mercury were much lower than the
first collection. At:;pH12] the results'showed that the effective adSorbents were in the order
of CGC-12, NORIT GAC 1240, and MERSORB “LW respectively. It is contrast to at pH
5 which was the performances of NORIT,GAC.1240 .and MERSORB “LW better than
CGC-12 as shown in Figure 4.4.

However, the initial concentration of mercury in both adsorption tests were
different; therefore, direct comparison of adsorption capacities cannot be made. It was
essential to compare in terms of adsorption isotherms as shown in Figure 4.5. The results
indicated that all adsorption isotherm curves were concave. That is, mercury adsorption by
all three adsorbents were unfavorable. Other contaminants in the wastewater which were
much more than mercury concentration might have competed with mercury for adsorption
at the surfaces of activated carbons.

Nonetheless, the previous studies reported that the average concentrations
of total and filtrate mercury were 300 and 100 pg/L respectively. In case of low mercury

concentrations, mercuric(Il) nitrate (Hg(NOs),) was be added to wastewater in order that
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the final concentration of mercury after filtrate with 6 micron filter paper was approximate
100 pg/L. The adsorption capacities of CGC-12 and NORIT GAC 1240 were similar and
higher than MERSORB "LW at pH 2. Contrast to at pH 5, the performances of NORIT
GAC 1240 slightly higher than CGC-12 and the MERSORB “LW had the lowest
adsorption capacities, as shown in Figure 4.6. Figure 4.7 presented the adsorption isotherms
at pH 2 were better than at pH 5 which were controversial to the adsorption tests of low
mercury concentrations. Two adsorption of high'mercury concentrations were investigated
to confirm that the trends of adserption capacities of-activated carbons at ph 2 were higher
than at pH 5 and NORIT GAC€ 1240 performed the best adsorption capacities, then CGC-
12 and MERSORB ®LW respeetiVely as'shown in Figure 4.8 to Figure 4.11 (in the third

test, CGC-12 cannot be purchased). \

— —
Y

GGCcA2 :‘NOR’I'Jﬁ‘_1i24O MERSORB LW
—A7pHZ2— —of‘_;‘attlz —8—pH 2

—A—pH5— —8—pH5 pH5
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25 e e s
1

Ce (ug/L)

O T T T T
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Figure 4.4 Concentrations of mercury in wastewater at equilibrium and the quantities of

activated carbons
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CGC-12 NORIT 1240 MERSORB LW
—&—pH 2 —8—pH 2 —8—pH 2
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Figure 4.6 Concentrations of mercury adding Hg(NO3), 100 pg/L at equilibrium time and

the quantities of activated carbons used in the first adsorption test
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Figure 4.8 Concentrations of mercury adding Hg(NO3), 100 pg/L at equilibrium time and

the quantities of activated carbons used in the second adsorption test
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Figure 4.10 Concentrations of mercury adding Hg(NOs), 100 pg/L at equilibrium time and

the quantities of activated carbons used in the third adsorption test
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Figure'4.11 Adsorption isotherm of Figure 4.10
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In the third test, the adserptions of mei‘cﬁfy*at pH 7 were studied, because some
research reported that activated carbons can adsorb mercury-effectively at pH 7 condition.
The results indicated that-CGC-12 and NORIT 1240 had the closed adsorption capacities
and higher than MERSORB “LW as shown in Figure 4.12."In addition to, there were some
small precipitants suspended in-the wastewater-after filtrate,with 6.micron filter paper. They
seemed to be homogeneeus, “but they precipitated-later ‘and “they may cause of the
concentrations of mercury in the clear part of wastewater remarKable decreased. This
situation cannot be found in the wastewater.at pH 2 and 5 conditions; From this noticeable
information, it showed that some metals contaminating in the wastewater can precipitate at
pH 7. Occurred precipitants were smaller than 6 micron and can adsorb mercury at the
surfaces. The results indicated that adsorption tests at pH 7 were not appropriate for the
research, because precipitants can clog at the internal pores of activated carbons resulting in
the adsorption capacities declined. In the practical way, the coagulation and flocculation
processes were required to increase the rates of precipitation. The mercury contaminated
sludge must be managed safely. All of the results from the batch adsorption tests showed
that NORIT GAC 1240 were the most suitable adsorbents for mercury adsorptions. The
optimal condition for mercury adsorption was pH 2. However, the adsorption tests were

non-favorable.
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Figure 4.12 Concentrations of mercury. addiﬁé’.ﬁg(NO3)2 100 pg/L at equilibrium time and

the quantities of activated carbors, used in the pH 7 condition

#e 2 4

4.3.1.3 Adsorption isotherms

Results indicated that adsorptions of mcrcury were non-favorable.
Therefore, Freundlich adserption isotherm is the only assumption using for describing the
adsorption process,.since othet-adsorption, isotherms such.as Langmuir and BET cannot be
fitted. From Freundlich isothérms as.shown i1 Figure-4.13 to Figure 4.16, the Freundlich
constants were calculated in the Table @.3. R? fromuhe Table 4.3 showed that Freundlich
adsorption‘igothierm cannot explain the adsorption of mercury by activated carbons, because
most R” were low. Other contaminants in the wastewater which were much more than
mercury can interrupt the adsorption of mercury and result in the adsorption processes
differ from adsorption theories. In addition, there are triplicate adsorption studies for
wastewater adding 100 pg/L Hg(NOs),. Each isotherm from three adsorption experiments

is different due to the unique characteristics of wastewater from different collections.
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Figure 4.14 Freundlich isotherm from adsorption of mercury in wastewater adding
Hg(NOs), 100 pg/L in the first test
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Figure 4.16 Freundlich isotherm from adsorption of mercury in wastewater adding

Hg(NO3), 100 pg/L in the third test
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Table 4.3 Freundlich constants
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Wastewater pH Activated carbon K I/n R*
Raw wastewater 2 CGC-12 1x107 6.0666 0.8765
NORIT GAC 9x107 4.185 0.7986
1240
MERSORB “LW | 2x10-14 | 9.8022 0.6995
5 CGCA12 3x10° | 3.6491 0.4310
NORIT 1240 0.0023 | 2.3851 0.8207
MERSORB “LW [0.0043 | 1.9289 0.5896
Wastewater + Hg(NOs3), 2 CGC-12 5x107 5.3439 0.6058
100 pg/L in the first test NORIT “GAC 2x10"" | 6.2064 0.7029
1240,
MERSORB “LW | 5x10° | 3.0185 | 0.9528
5 CGC2" 0.1968 | 03171 | 0.4679
NORIT "'(:}'An(; 0.0984 | 0.6172 0.1991
240
MERSORB “LW m2=10* | 32738 | 02145
Wastewater + Hg(NOs), | | 2 CGC-12 0.0479 1.487 0.6669
100 pg/L in the second NORIT GAC 0.0858 | 1.4659 0.2935
test 1240
MERSORB “LW | 1x10" | 8.6495 0.7601
5 CGC:12 5%107 3546 0.5873
NORIT GAC 0.0087 ' |" 2.1021 0.7455
1240
MERSORB “LW | 0.2864 | 0.5435 0.3496
Wastewater + Hg(NOs), | 2 NORIT GAC 0.0820 | 1.5526 0.7295
100 pg/L in the third 1240
test MERSORB “LW | 0.0008 | 2.9714 0.9752
5 NORIT GAC 0.0002 | 3.7693 0.6561
1240
MERSORB “LW | 0.0024 | 2.6041 0.9428
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4.3.1.2 Column Test

Results from the batch adsorption section indicated that NORIT GAC 1240
had more efficient than other adsorbents for adsorbing mercury in wastewater at the pH 2.
The optimal conditions from the batch test were be used in the column adsorption test. In
addition to NORIT GAC 1240, MERSORB “LW were tested the performance at pH 2,
volume 880 ml, filtration flow rate 220 ml/hr . and empty bed contact time 4 hr. The results
of adsorption test of MERSORB. “LW were showiat Figure 4.17. Although MERSORB
®LW can treat wastewater. 9:5- 1, 741 L of MERSORB “LW were used for treating
wastewater 8 m’ per day whi€h wasnot suitable for cost analysis, because it is expensive

and has to import this activated from abroad.

Hg (ug/L)

95

19 \
rYdmrdihibh/. MM

breakthrough T

0 5 10 15
Volume (L)

Figure 4.17 Breakthrough curve at pH 2 of adsorption of mercury by MERSORB “LW
volume 880 ml filtration flow rate 220 ml/hr (HRT =4 hr, [Hgo] = 118.5 ug/L)

In the column test of NORIT GAC 1240, the flow rate at 220 ml/h and
volume of activated carbon 440 ml resulting in the empty bed contact time (EBCT) equal to
2 hours which was the same as the real treatment units of the petrochemical industry.

However, the flow rate of the test column and the real column was different significantly
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(0.18 and 2.18), because the physical of test column was smaller than the column in the
treatment units 11.4 times. Flow rate difference affected the efficiency of activated carbon
adsorption, especially kinetics. Due to the test column had same empty bed contact time
(EBCT) as the real column, the results from the experiments can be applied. The
adsorption of NORIT GAC 1240 continued until the inlet concentration of mercury equal to
the outlet concentration approximately 45 days.

pH solution was one of the essential factors for activated carbon adsorption.
At the beginning state of adsorption, pH solutiofiwas-about 9 which higher than the pH 2 of
the prepared wastewater as shown in Figure 4.18. The high pH results from the alkaline of
activated carbon and the remaihing demineralized water was applied for preventing
activated carbon adsorption ftem theaitbubbles between the pores of activated carbon. Air
bubbles occurred when wastewater pass through the column slowly. These air bubbles may
interrupt the contacts between/wastewater and the surfaces of activated carbon. Then, the
pH solution decreased until 2; therefore, the variations of adsorption efficiency due to
improper pH took place only the first state. -Al‘though pH solution was not suitable for
adsorption at the beginning step, the outlet cd'rl:;ée,rjljtration of mercury was still less than 5
ppb, because NORIT GAC 1240 was quite fresﬁ. Xfter the activated carbon reached a new
equilibrium when adsorption process was appf(;fifi—éfé at pH 2-then the adsorption capacity
rose.

Temperatures of the treated wastewater about 28.2 "C were closed to room
temperature as shown in Figure 4.19. The temperature changes relied on the room
temperature which-was aceording'to the real situation'at the petrochemical plant; therefore,
it was not necessary to adjust effect of temperature from the adsorption process

Results~from .activated carbon adsorptionsaty EBCT=2 hour presenting in

Figure

4.20 indicated that total mass of mercury adsorbed on activated carbon 440 ml or 220 g

(density of NORIT GAC 1240 is 0.5 g/ml) equal to 24,485 pg. The maximum adsorption

capacity of NORIT GAC 1240 was 111.3 ug Hg/g. This value was closed to the maximum
adsorption capacity from batch test as shown in Table 4.2; therefore, it may conclude that
NORIT GAC 1240 was specific enough to mercury, so other contaminants cannot replace
adsorbed mercury on the surfaces of activated carbon. On the other hand, activated carbon
in batch test contacted to certain wastewater all the time until reach the equilibrium, the
competition between mercury and other contaminants on the surfaces of activated carbon

depended on the concentration and the selectivity of activated carbon. However, there is
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fresh wastewater always run into the column causing the patterns of the contact and adsorb
were changed. It was mean that the contaminants which adsorb on the surface of activated
carbon well can replace other adsorbed compounds which were less specific to activated

carbon.

12

10

0 : ; - :
0 50 100 4450 200 250
Throughput Volime (L)
Figure 4.18 pH of treated wastewater from column —é“d'sorption of NORIT GAC 1240
volume 440 mL and filtration flow rate 220 mL/h (HRT = 2 hours) at pH solution 2

35

O T T T T

0 50 100 150 200 250
Throughput Volume (L)

Figure 4.19 Temperature of treated wastewater from column adsorption of NORIT GAC
1240 volume 440 mL and filtration flow rate 220 mL/h (HRT = 2 hours) at pH solution 2



55

140

120

L
—

100

80 -

Hg (ug/L)

60 vbreakthrough = 164 L

40

1
P

20

§— . -\*M

0 50 100 150 200 250
TFhroughput Volume (L)

Figure 4.20Breakthroughcurve at pH 2 of adsorption of mercury by NORIT
GAC 1240 volume 440 ml filtration flow rateff_220 ml/bt (HRT =4 hr, [Hgo] = 103.82 ug/L)

It can be seen from the data in ;[J;B_lej;"4.20 that volume of treated wastewater
until reach a breakthrough at 5 é/L =was 164‘_:II;_._ml'i.“he adsorption capacity of NORIT GAC
1240 when reach the breakthrsﬁgh | was 765 g ‘Hg/ g activated carbon and activated
carbon in the column 'vxtfzfs’ ised 68.7 %. The proportion of volume of treated wastewater

before breakthrough and exhausted activated carbon was 372.7.

Table 4.4 Adsorptien capacity’of NORIT GAC-1240 at volume 440 mL, pH 2, and EBCT 2

hours
Hgadsorbed (LE) Adsorption Capacity (ug Hg per g AC)
[Hg]in, avg
(ug/L) Total Breakthrough Total Breakthrough %Total
103 24,485 16,838 111.3 76.5 68.7

4.3.3 Comparison between activated carbon adsorption and ion

exchange

This part compared the results of mercury treatment by activated carbon
adsorption and ion exchange (Pongpattharin, 2011) in the same conditions. At the

same initial concentration of mercury in raw wastewater at pH 2 and 5, the results
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were presented in Figure 4.21 and 4.22 respectively. Figure 4.21 provided resin IRC 718
can remove mercury better than activated carbon CGC-12 and followed by NORIT 1240
and resin C 433, and MERSORB LW had the lowest capacity. At pH solution 5, activated
carbon NORIT 1240 and MERSORB LW had a higher capacity than resin IRC 718,
CGC-12 and resin C 433, respectively as shown in Figure 4.42. However in case of high
concentration of mercury (approximate 100 pg/L) which was closed to the average
mercury concentration in the condensate tank, NORIT GAC 1240 was the best
performance at pH 2. From Figure 4.43 compating the isotherms of NORIT GAC 1240
and resin IRC 718 at pH2 which was the“‘cp)ptimum condition for both NORIT GAC 1240
and resin IRC 718, it may_implied that NORIT GAC 1240 had a better tendency to
remove mercury than resin IRC.718 and i‘t was according to the results from the column
adsorption test. 424

_—
i
!

JI 4
——CG@-12 —=—NORIT1240 *+—MERSORB LW
- % —C 433 “Z o =IRE 718
25 )

N
o

-
4]

-
(=]

Hg (ug/L)

0 50 100 150 200 250
Absorbent (g/L)

Figure 4.21 Comparison of mercury removal between activated carbon and resin at pH 2

( — NORIT GAC 1240; - -:resin IRC 718)
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Figure 4.22 Comparison of mercury rgmovailﬁg.etyveen activated carbon and resin at pH 5
( :NORIT GAG1240; - - .resin IRQ’ZI8 ) (ion exchange data came from
‘Porgpattharin, 2011)

4.4 Economic Consideration J

The results fronr’column test can be applied to design the real activated carbon
columns in field practicesfor petrochemical industry. Several approaches are typically
applied for this scale-up purpose such as Bohatt<Adams expression, scale-up approach, and
kinetics approach! which usingtThomas expression (Reynalds land Richards, 1996). Since
this study performed with only one column conditiongthe Bohart-Adams could not be used.
For kinetics approach using Thomas expression as shown im Equation (4.1), it was found
that the adsorption data obtained from column test could not fit with the linearized form of
Thomas expression as shown in Equation (4.2) (illustration was not shown). This is
possibly due to the fact that mercury was considering as a trace substance in this
wastewater (in pug/L scale) as compared to other adsorbate species (in mg/L scale);
therefore, the adsorption behavior of mercury 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 empty bed contact time (EBCT) of the tested column was

similar to those of the existing columns of the studied plant.

R

4.1)
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kiCoV
Q

In(—-1)=— — (4.2)

Applying scale-up approach to activated carbon column of petrochemical plant
which had activated carbon 658 L and flow rate 8 m3/d, and EBCT 2 hours, the results

showed that activated carbon can be used for mercury adsorption 30.7 day until

d carbon in case of single adsorption
| the real column was 300 Baht/m’
wastewater. This price was caleula rated carbon and disposal of spent

activated carbon (price of NOREF 10 = 0 Baht/L and disposal of spent activated

. —
carbon = 4,000 Baht/ton) \
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

These findings enhanced our undCistanding of adsorption of mercury in

wastewater of petrochemical.industry as follows:

1.

Wastewater from condenSatestank contained various erganic and inorganic compounds
which were much morefabundant than fnercury concentration. These compounds might
compete for adsorptionsSurfaces of activ;z‘lff.ed carbons and interrupt adsorption process
and cause activated carbon adsorb mercury down to 5 Bg/L abided by the industrial
effluent standard more difficultly. - v

Mercury removal efficiency from petroche_@_ical industry by NORIT GAC 1240 which
was an activated carbon used.in the merc'}_l_i'jl-’_".treatment unit of this plant was higher
than a sulfur impregnated activated carboﬂ,-._MERSORB LW, which was specific to
mercury and a high purity grade of activated carbon €GC-12 which used for solvent
recovery.

Mercury adsorption by activated carbon reached an equilibrium withinl2 hours and
the optimum condition was'pH 2 and the adsorption was unfavorable resulting in using
plenty of activated.¢arbonsgin the process.

The evidence from this study suggests that optimum conditions frem batch adsorption
tests and design '¢riteria’ from column ‘adsorption tests were useful options for
application in the mercury treatment units of petrochemical industry.

Ratio of treated wastewater to amount of NORIT GAC 1240 was 372.7 which was
much higher than ion exchange by IRC 718. In case of real column in the treatment
unit which contained activated carbon 658 L can operate 30.7 days until reached
breakthrough point. The cost of mercury adsorption process was 295

Baht/m’wastewater (NORIT GAC 1240 = 110 Baht/L).

5.2 Recommendations

The optimal of bed depth and flow rate is the significant parameter of column test that

influences on the performance of activated carbon adsorption. Increasing bed height of
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activated carbon causes increase in number of binding sites broadening the mass transfer
zone. The flow rate relates to speed of adsorption zone. Increasing flow rate resulting in
decrease in the time required to reach the specific breakthrough concentration and cause
insufficient time for adsorption and diffusion limitations of adsorbate on the activated
carbon in column. The effects of variations of bed depth and flow rate are concern;

therefore, the continued works should be performed as follows.

1. Vary filtration flow rates

2. Vary bed depths of act

R
{
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APPENDIX A

Mercury Digestion

Sample water 50 ml

" | 2dd KMnO, 5%, 10 ml. + Mix acid
H,SO4+HNOs+ DW) 10 ml

//% .

BN S

%“\ d K»S,05 5%, 10 ml
%

oxylamine hydrochloride
0-15 ml until colorless

2,‘_:"

U

Flltr"t’ed by Whatman No.41, then adjust
volurfieo. 100 mlb voMetrlc ﬂask

¢
1gesq;1c§:| m‘ea:h%f¥’}j:lgfcy]n§r{!ug 1§1quld waste
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APPENDIX B

Table B1 Data from Effect of pH in mercury solubility in water (after filtrate with 6 micron
filter paper)

Wastewater Hg concentration

(ng/L)

7 < 1.000

77 300

Raw waste ,__:
Fr e

Filtered waste

Filtered yastewater pH 4 81.15
- '

PRImMINeS
RIS a Y

Filtered wastewater pH 9 135.9

Table B2 Data from adsorption of mercury by activated carbon 1 g/L



Table B2 Data from adsorption of mercury by activated carbon 1 g/LL

Time Hg Concentration (ng/l) pH
(hr) CGC-12 MERSORB “LW CGC-12 MERSORB “LW
0 131.4 125.1 5.08 5.07
1 122.8 122.2 5.10 5.06
2 125.4 121:3 5.09 5.02
6 115.7 126.1 2410 5.00
12 125.4 122.1 4 4.99 4.93
24 121.0 121e7 4.96 4.87
48 123.3 1234 4.90 4.79

it

)

Table B3 Data from concentrations of 3mercur'}"g@1} wastewater at equilibrium and the

quantities of activated carbons at initial pH solution 2

f o
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Hg Concentratioﬂ (ng/l)

pH
Dose | . .. NORIT ME;{SORB A TNORIT | MERSORB

(@ GAC 1240 LW GAC 1240 “LwW

0 15.49 15.49 15.49 2 2 2

1 10.32 870 8.7 23 371 471

5 9.92 7.03 7.49 5.94 441 441

10 058 564 6.93 761 6.21 6.27

15 8.52 447 485 8.35 7.23 7.23

20 6.54 3.40 3.28 8.87 7.65 7.65




Table B4 Data from adsorption isotherm of Figure 4.4 at initial pH solution 2

70

Carbon Initial C. Qe
dose concentration CGC-12 NORIT MERSOR CGC-12 NORIT MERSOR
(g) GAC 1240 B LW GAC 1240 B “LW
1 15.49 10.32 8.70 8.71 0.52 0.68 0.68
5 15.49 9.92 7.03 749 0.11 0.17 0.16
10 15.49 9.58 5.64 098 0.06 0.10 0.09
15 15.49 8.52 4477 4.85 0.05 0.07 0.07
20 15.49 6.54 3.40 3.28 0.04 0.06 0.06

!
|
|

Table BS Data from concentrations 0 fmiercury in wastewater at equilibrium and the

quantities of activated carbonssat initial pH S(ﬁution o,

¢

Hg Concentration (pg/li J.- pH
NORIT S MERSORB = NORIT GAC MERSORB
Dose (g) | CGC-12 R GC 12 R
GAC 1240 : —EW = - 1240 LwW
0 22.77 22 77 22.77 e 5 5
1 13.58 ' 71 934 | 20.65 6.83 5.71 5.16
5 10.87 17733 20.24 8.28 7.32 5.97
10 10.32 15.86 18.23 9.19 8.51 6.55
15 10.35 14.34 18.14 9.5 8.82 6.7
20 8.67 12.58 17.66 9.64 8.84 6.8
Table B6 Data from adsorption isotherm of Figure 4.4 at initial pH solution 5
Carbon C. Je
Initial
dose NORIT MERSORB NORIT MERSORB
concentration CGC-12 CGC-12
(2) GAC 1240 LW GAC 1240 LW
1 22.77 13.58 19.34 20.65 0.92 0.34 0.21
5 22.77 10.87 17.33 20.24 0.24 0.11 0.05
10 22.77 10.32 15.86 18.23 0.12 0.07 0.05
15 22.77 10.35 14.34 18.14 0.08 0.06 0.03
20 22.77 8.67 12.58 17.66 0.07 0.05 0.03
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Table B7 Data from concentrations of mercury adding Hg(NOs), 100 pg/L at equilibrium

time and the quantities of activated carbons used in the first adsorption test at initial pH

solution 2
Hg Concentration (pg/l) pH
Dose NORIT | MERSORB NORIT MERSORB

() COCI2 1 GAC 1240 Lon B COCI2 1 Gac 1240 SLw

0 88.08 88.08 88.08 2 2 2

1 39.28 40.61 66.86 _— 2.03 2.03

5 36.81 39.78 53.47 Pl 2.12 2.27

10 36.46 31.07 43,92 2.66 2.52 3.02

15 30.81 29.58 37508 3.87 2.81 3.48

20 26.37 31.54 .34.93 4 4.23 2.92 3.74

2
¥

i

Table B8 Data from adsorption isothetm of F 1g&re47 at initial pH solution 2

| el

Carbon Initial C. e
dose | concentration | CGC-12 NORIT | MERSOR | €GC-12 NORIT | MERSOR
(@ GAC 1240 | B"LW GAC 1240 | B"LW
1 88.08 39.28 40.61 66.86 4.88 4.75 2.12
5 88.08 36.81 39.78 53.47 1.03 0.97 0.69
10 88.08 36.46 31.07 43.92 0.52 0.57 0.44
15 88.08 30.81 29.53 37.57 0.38 0.39 0.34
20 88.08 26.37 31.54 34.93 0.31 0.28 0.27
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Table B9 Data from concentrations of mercury adding Hg(NO3), 100 pg/L at equilibrium

time and the quantities of activated carbons used in the first adsorption test at initial pH

solution 5
Hg Concentration (ug/l) pH
Dose (2) CGC12 NORIT ME@I}SORB CGC-12 NORIT GAC ME@E{SORB
GAC 1240 LW 1240 LW
0 16725 | 16725 167.25 5 5 5

I 21453 | 99.99 158.69 6.23 5.06 5.04

5 11355 | 9582 15877 6.17 5.84 5.13

10 | 10440 | 8958 14523 6.69 6.64 5.73

15 63.16 7024 1._32.3{9 6ol 6.73 6.01

20 3551 13187 130.76. | 6584 757 6.5

y

d

Table B10 Data from adsorption isotherm of Fréure 4.7 at initial pH solution 5

by ]

Carbon Initial _ et el - | e

dose | concentration | €GC-12 NORIT [ MERSOR | CGC-12 NORIT | MERSOR
(2 9 GAC 1240 B “LW et GAC 1240 B “LW
1 167.25 214-.53 99.99 158.69 _-4.73 6.73 0.86
5 167.25 113.55 95.82 158.77 1.07 1.43 0.17
10 167.25 104.40 89.58 14523 0.63 0.78 0.22
15 167.25 63.16 70.24 132.39 0.69 0.65 0.23
20 L7225 35.51 18.87 130.76 0.66 0.74 0.18
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Table B11 Data from concentrations of mercury adding Hg(NO3), 100 pug/L at equilibrium

time and the quantities of activated carbons used in the second adsorption test 2 at initial

pH solution2

Hg Concentration (pg/L) pH
Dose NORIT | MERSORB NORIT | MERSORB

() COCI2 T GAC 1240 Lo B COCI2 T GaC 1240 SLw

0 20820 | 208.20 208.20 2 2 2

1 31.08 1275 3208 2.02 2.03 2.01

5 18.06 16. 74 25.56 2.13 2.05 2.11

10 20.60 13,24 25.08 230 2.30 26

15 12.72 10,58 248395\, 261 229 3.11

20 5.80 5.30 TR 41\ 2% 2.38 2.96

‘)

Table B12 Data from adsorption isothéfm of F ié;ifg,4.9 at initial pH solution 2

-

Ce

Carbon Initial

dose | concentration [ CGC-12 | NORIT | MERSOR | CGC-12 NORIT | MERSOR
(g) ' GAC 1240 | B®"LW GAC 1240 | B"LW
1 208.20 31.08 12.75 32.98 17.71 19.55 17.52
5 208.20 18:06 16371 25156 3:80 3.83 3.65
10 208.20 20.60 1324 25.03 1.88 1.95 1.83
15 208.20 12.72 10.58 24 83 1.30 1.32 1.22
20 208.20 5.80 5.30 26.14 1.01 1.01 0.91
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Table B13 Data from concentrations of mercury adding Hg(NO3), 100 pg/L at equilibrium

time and the quantities of activated carbons used in the second adsorption test 2 at initial

pH solution5

Hg Concentration (pg/l) pH
Dose NORIT | MERSORB NORIT | MERSORB

() COCI2 1 GAC 1240 Lon B COCI2 1 Gac 1240 SLw
0 233.20 233.20 233.20 5 5 5

1 30.47 28776 10541 489 4.97 4.96
5 23.85 22.08 103.15 5.70 5.66 5.29
10 24.57 18.68 96.80 6.25 5.45 5.44
15 23.98 9.0d 24784 6.70 5.89 5.35
20 15.22 11.48 _, 9.573 41\ o 5% 6.36 6.14

‘)
I

cud dd

Table B14 Data from adsorption isotherm of F@rq_4.9 at initial pH solution 5

Carbon Initial : C. : qe

dose | concentration | CGC-12 NORIT | MERSOR | CGC-12 NORIT | MERSOR
) " GAC 1240 B “LW ' GAC 1240 B “LW
1 233.20 30:47 28476 10541 20:27 20.44 12.78
5 233.20 2385 2208 103.15 4.19 4.22 2.60
10 233.20 24.57 18.68 96.80 2.09 2.15 1.36
15 23320 2398 9.01 24175 1.39 1.49 1.39
20 233.20 15.22 11.48 9.57 1.09 1.11 1.12
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Table B15 Data from concentrations of mercury adding Hg(NO3), 100 pg/L at equilibrium

time and the quantities of activated carbons used in the third adsorption test at initial pH

solution 2
Hg Concentration (pg/l) pH
Dose (g) NORE T MErsorBELw | o | MERSORB *Lw
GAC 1240 GAC 1240
0 241.20 241.20 2 2
1 21.25 29.56 2.02 2.07
5 20.90 18178 2.51 3.21
10 9.80 15.44 3.38 3.55
15 5.41 13.62. % 4,58 3.95
20 6.48 11,04 L 4 3.99 4.06

i

'y
T/

Table B16 Data from adsorption isotherm of

Fi

e nt A4

@fe}. 11 at initial pH solution 2

Carbon :Ir_1;itial o7 9e

dose | concentration | NORIT | MERSOR | NORIT | MERSORB
(®) GAC 1240 B®LW | GAC 1240 LW
1 241220 2 25 29156 2200 21.16
5 24120 20:90 18.78 441 4.45
10 241.20 9.80 13.44 2.31 2.28
15 24120 541 13.62 1.57 1.52
20 241.20 6.48 11.04 1.17 1.15
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Table B17 Data from concentrations of mercury adding Hg(NO3), 100 pg/L at equilibrium

time and the quantities of activated carbons used in the third adsorption test at initial pH

solution 5
Hg Concentration (pg/l) pH
Dose NORIT . NORIT ®

© GAC 1240 MERSORB' 1W GAC 1240 MERSORB "LW
0 231.80 231.80 5 5

1 16.11 3136 5.48 5.44

5 17.46 15.44 5.96 5.78

10 12.11 1352 IIL 647 5.95

15 10.19 12:49 2.4 6.61 6.07
20 10.14 ‘9.971 \ 6.69 6.43

'y
T/

e nt A4

Table B18 Data from adsorption i_sot_hcrm of Fig?gfq_4. 11 at initial pH solution 5

Carbon :Ir_1;itial G 9Qe
dose | concentration | NORIT | MERSORB | NORIT | MERSORB
(2) GAC 1240 LW GAC 1240 LW
1 231280 16:111 3136 253 20.04
5 231.80 1746 15.44 4.29 4.33
10 231.80 12.11 15.52 2.20 2.16
15 23180 10119 12:49 1.48 1:46
20 231.80 10.14 9.91 1.11 1.11
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Table B19 Data from concentrations of mercury adding Hg(NO3), 100 pg/L at equilibrium

time and the quantities of activated carbons used at initial pH solution 7

Hg Concentration (pg/l) pH
Dose | CGC-12 | NORIT | MERSORB | CGC-12 | NORIT | MERSORB

(2) GAC 1240 LW GAC 1240 LW

0 222.60 222.6 222.6 7 7 7

1 41.67 35.71 108.06 7] 6.77 6.96

5 19.63 23.79 37.17 — 7.01 6.86

10 15.57 16.32 24180 7:81 7.48 6.8

15 7.37 11.25 12.62 7.92 7.56 6.78
20 8.28 13.22 BAIAM )\ 83 7.65 6.73

)

i

'y

sl d Al
Table B20 Data from adsorption isotherm of F ig9§§,4. 11 at initial pH solution 7

Carbon e
Initial
dose v NORIT MERSOR Y | NORIT MERSOR
concentration CGC-12 CGC-12

(2) ' GAC 1240 B “LW GAC 1240 B “LW
1 222.60 41,67 35.71 108.06 '18.09 18.69 11.45
5 222.60 19268 23479 37 ali7 406 3.98 3.71
10 222.60 1557 1632 24.80 2.07 2.06 1.98
15 222.60 7.37 11.25 12.62 1.43 1.41 1.40
20 222.60 8.28 1322 8.61 1.07 1.05 1.07
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Table B21 Data from breakthrough curve at pH 2 of adsorption of mercury by
MERSORB®“LW volume 880 ml filtration flow rate 220 ml/hr (HRT = 4 hr, [Hgo] = 118.5
ug/L)

Volume(L) Hg (ppb)
0.00 118.46
0.11 - 437

D
AUt RN
QRN TANY A

4.29 6.20
4.51 6.53
4.73 6.36
4.95 6.26
5.17 591
5.39 6.34
5.62 5.83
5.84 6.23
6.06 4.83
6.28 4.90




Table B21 (continued)

Volume(L) | Hg (ppb)
6.50 4.82
6.72 4.88
6.94. 4.68

bb-‘

=] =S —

| /X
65’//‘ \\\\
/};5 ’\\&\\
) NN

/i
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f o e\
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Table B22 Data from breakthrough curve at pH 2 of adsorption of mercury by NORIT

80

GAC 1240 volume 880 ml filtration flow rate 220 ml/hr (HRT =4 hr, [Hgo] = 118.5 ug/L)

Volume (L) Hg (ppb) pH Temperature (C)
0.00 118.46 7.89 279
0.22 1.10 8.68 29
0.66 131 £32 20.1
1.10 115 7.85 29
1.54 131 7.81 28.8
1.65 152 7.78 28.8
1.87 1482 1 \0.77 28.4
2.09 ioi AL 28.7
231 B9, T\ A 285
253 134 - Jf_ 7.72 28.7
275 (67 769 287
2.97 1.40 7 | 767 28.6
3.19 1125 165 28.6
341 089 74 28.4
3.63 1.76 733 283
3.85 1.43 7.35 285
407 1.68 7.45 28.4
429 174 745 28.4
451 1.46 7.47 28.7
4773 144 7.48 2817
495 1.51 7.41 283
5.17 1.52 7.23 283
539 1.59 6.96 28.6
5.62 1.29 6.7 28.6
5.84 1.66 5.99 293
6.06 1.78 6.02 28.7
6.28 155 5.96 28.7
6.50 2.01 5.67 289
6.72 223 5.59 20.1
6.94 1.95 5.53 20.1




Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
7.16 221 552 288
7.38 2.69 53 289
7.60 2.73 5.14 289
7.82 2.68 518 288
8.04 2.95 509 288
826 310 5.03 289
8.48 293 5.03 286
870 Toa//] [\ \\49 289
8.92 196/ [, | 2489 289
9.14 389 — = 487 288
9.36 8.8 i 49 288
9.58 g3 A< 289
9.80 2055~ s 288
10.02 P 2%
1024 ~ 995  |© 47 288
1046 L7 365 474 “1 283
10.68 3.07 472 291
10.90 10.37 47 294
112 455 4765 258
1134 13.45 447 262
11,56 0.54 45 26,1
178 %64 446 264
12.00 3.53 442 26.6
1222 7.07 436 26.6
1244 354 429 265
12.66 3.88 424 26.50
12.88 425 418 26.00
13.10 453 4.07 26.80
1332 3.76 3.93 27.00
13.54 3.56 3.82 26.90
1376 412 3.86 26.90
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Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
13.98 5.08 3.76 26.50
14.20 3.54 3.85 25
14.42 1.00 375 257
14.64 1.00 3.67 265
14.86 327 166 272
15.08 4.8 o, 27
15.30 2] 3.55 27
15.52 59771 [\ N353 278
15.74 4@ T | 4345 272
15.96 7 — 2738
16.18 45 I 338 276
16.40 Je@ A< RIS 276
16.63 e X 27
16.85 Td6— | 3% 269
17.07 ~ | 400 5y 25.6
17.29 3.59 3.35 =1 257
17.51 443 3.34 %6
17.73 4.60 3.27 263
1795 A0 399 26.6
1817 497 3.16 27
1839 415 312 26,8
18.61 384 3.08 768
18.83 4.08 3.04 272
19.05 3.91 3.02 27
19.27 3.93 3.01 273
19.49 3.59 2.99 26.8
1971 3.63 2.94 26.7
20.15 3.36 3.02 26.9
20.59 2.93 2.89 26.9
21.03 4.84 2.69 271
2147 3.49 2.56 277

82



Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
21.91 3.38 2.54 273
2235 3.76 2.43 271
22.79 3.83 2.56 29.6
2323 278 2.38 274
23.67 451 5,26 277
24.11 i34 |0 210 27.9
2455 428 22 28.1
24.99 /71 [\ N2 28
25.43 28] 1% 405 26
2587 341 —— 203 2622
2631 8.1 2 215 26.4
26.75 o< | 267
27.19 B2 =5 273
27.64 35— | a1 271
2808 ~ | 218 t 3736 ~ 233
28.52 - 337 2.18 71 238
2896 | 357 213 || 246
2940 | 3.8 200 | 252
2984 305 708 257
3028 420 2.07 254
3072 413 2706 1
31.16 301 2.09 47
31.60 434 2.04 252
32.04 429 2.01 25.6
32.48 418 2.03 257
32.92 447 2.01 25.9
26.53 3.83 2.02 257
26.75 3.88 2.08 25.1
27.19 223 2.02 25.6
27.64 3.44 1.99 25.6
28.08 3.03 1.98 26.8




Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
28.52 3.20 1.98 264
28.96 2.86 1.95 265
29.40 2.92 1.98 267
29.84 2.98 2 267
30.28 253 197 27.6
30.72 249~ |2 196 27.6
31.16 343 1.98 275
31.60 7585771 [\ \2.04 26.6
32.04 T MEY\V 272
32.48 2844 ——= 2 276
32.92 590 i 199 274
33.36 P R LT 274
33.80 2715~ 198 26.6
3424 26 | 197 26.4
3468 ~ | 294 ¢ 300 ~ 27
35.12 - 2.50 1.98 71 272
3556 | 292 99 [ 273
3600 | . 2.6 98 | 279
3644 279 197 27.6
3688 274 1.98 27.6
3732 234 1798 28
37.76 281 1.99 776
38.20 277 2 271
38.65 3.02 1.99 264
39.09 327 2 275
39.53 4.04 2.01 277
39.97 241 1.99 271
40.41 321 2 275
40.85 0.72 2.01 277
41.29 1.54 1.99 271
41.73 1.56 2 28




Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
017 175 2 272
4261 1.4 2.03 272
43.05 1.64 2.02 278
43.49 2.52 2.03 278
43.93 189 500 284
4437 1.83 2.03 284
4481 1,95 2.02 298
4525 7ot//1 [\ \202 296
45.69 V7 WEY\) 28.1
46.13 143 —1— 20i 286
4657 i85 7 203 292
47.01 86 7= 3202 289
47.45 1882~ | =203 28.9
47.89 i 287
4833 38 503 27
48.77 1.87 2.03 Y T 275
4921 175 2.03 285
49.66 1.4 2.02 275
5010 %7 703 282
5054 1.91 2.02 28.1
50:98 315 202 226
5142 214 2.01 386
51.86 2.35 2.01 285
5230 2.49 1.95 284
52.74 2.39 1.96 28.6
53.18 2.39 1.97 286
53.62 227 1.99 286
54.06 2.63 2.01 283
54.50 2.46 1.99 28.1
54.94 233 1.99 283
5538 1.65 1.99 285
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Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
55.82 1.86 2 282
56.26 2.30 1.99 283
56.70 2.28 1.99 278
57.14 5.08 1.98 30
57.58 226 198 30
58.02 1.79 1.97 30
58.46 225 1.96 284
58.90 5 4 BNED 292
59.34 195, | 4201 284
59.78 28— 1199 284
60.22 b i 199 279
60.67  TEERE ) 27.9
6111 D192 =301 28.6
6155 25— | =7 287
61.99 200 199 287
62.43 1.90 1.98 =1 285
62.87 1.95 1.97 81
6331 1.95 1.99 284
63275 4646 198 302
64119 2.92 1.98 304
64763 3.57 1798 294
65.07 277 1.99 2911
65.51 2.82 1.99 28.6
65.95 3.23 2 285
66.39 2.55 2.02 283
66.83 2.59 2.01 285
67.27 2.36 2 283
67.71 3.52 2 28
68.15 3.09 2.01 273
68.59 2.49 2.01 276
69.03 2.83 2.02 279
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Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
69.47 330 2,01 284
69.91 2.82 2,01 279
7035 244 2.02 259
70.79 2.53 207 259
71.23 242 710 26.1
71.68 2.55 217 267
72.12 149 2.08 272
72.56 70777 1\ \2.04 264
73.00 2L 7 4%05 258
73.44 297~ 207 2622
73.88 D01 2| 207 265
74.32 206 7= 7707 269
7476 1992~ | 205 27
75.20 2355 | 205 268
7560 ~ | 271 - || 204 267
7608 L7 305 2.06 <1266
76.52 324 2.06 267
76.96 333 2.05 267
740 352 2703 26.8
7784 3.55 2 263
7828 376 2102 274
78.72 333 2.01 774
79.16 3.48 2.01 271
79.60 352 2.03 274
80.04 344 2.03 274
80.48 4.02 2.03 28
80.92 3.04 2.05 272
81.36 713 2.06 271
$1.80 7.83 2.08 274
82.24 724 2.07 28
82.69 6.76 2.06 279
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Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
83.13 7.20 2.13 28
83.57 7.58 2.15 278
84.01 7.13 211 279
84.45 9.25 2.07 277
84.89 6.03 7,00 278
85.33 5.83 2.08 272
85.77 299 2.15 284
86.21 T30//7 [\ \24 285
86.65 ¥ 7 WEY\ L 27.6
87.09 193 —— 21 275
87.53 4B X 215 282
87.97 a9 709 297
88.41 B6sas =50, 298
38.85 343 | 1% 297
89.29 ~ | 2.99 o7 298
8073 |7 320 2 “1 288
90.17 3.08 2.02 29
90.61 2.79 2.04 29.1
9105 7% 704 30.5
9149 2.98 2.03 302
9237 320 1798 308
93.25 322 1.98 295
94.14 3.48 1.98 28.6
95.02 3.98 1.97 28.6
95.90 3.89 1.96 283
96.78 3.84 1.96 30
97.66 411 1.94 289
98.54 3.62 1.95 287
99.42 429 1.94 29
10030 3.88 1.94 29.1
101.18 2.79 1.95 29.9
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Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C")
102.06 2.41 1.95 294
102.94 1.84 1.94 297
103.82 1.85 1.96 295
104.71 1.70 1.98 297
105.59 173 7,00 29.6
106.47 2.04 2.03 2922
107.35 27 2.04 295
108.23 727/// 1\ \20s 297
109.11 A4 ], s 4203 297
109.99 344 = 2106 297
110.87 b8 I 207 298
111.75 362 7= 7106 29.4
112.63 PrEEe e Yy 29.9
11351 2.68— KD 30.1
11439 ~ | 7290 ~ || 2.04 ~ 294
11527 | 3.43 2.02 1301
116.16 347 2.01 30
117.04 423 2 30.1
116393 493 199 30
118180 420 1.97 295
119768 3:90 1799 22,9
120.56 486 1.96 39
121.44 3.64 1.96 29.1
122.32 3.42 1.95 29.1
123.20 3.07 1.97 295
124.08 2.43 1.97 295
124.96 2.02 1.97 297
125.84 237 1.93 295
126.73 2.42 1.93 296
127.61 2.85 1.91 293
128.49 2.94 1.87 30.1

89



Table B22 (continued)

Volume (L) Hg (ppb) pH Temperature (C)
129.37 2.90 1.84 30
130.25 3.20 1.84 30.1
131.13 2.79 1.9 29.7
132.01 29.5
132.89 29.4
133.77 30.5
134.65 30.7
135.53 193 297
13641 A Fadil, |  ~ 1 296
137.29 Ik 29.7
138.18 1 ﬁ- 29.7
139.06 ERISD 29
139.94 52 “"E"J’i‘ 83 30.5
140.82 34?:” 4 30
141.70 - ? [~ 299
142.58 - 31.7
143.46 E 29.8
14434 ;304 ,2:06 29.8
145:22] | 73% ‘51 ‘ ‘529.9
146110 3.21 1.93 30

— — -
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