CHAPTER III

THEORY

3.1 Activated Carbon'

Activated carbon is a processed carbon material with a highly developed porous

97%) but also contains such.glément - en, sulphur and nitrogen, as well
as, various compounds erial used in its production or
generated during its &, he ability to adsorb various
substances both from the 0 ing them on the surface of its
pores.

Activated carbon is waste gases and vapor e.g. for

remaining CS; from air, of/§ ery, of contaminants of aqueous

solution, e.g. the purification o eatment of portable water and waste

water, in air conditig ;f"? ses, 1 va ""’""‘“"‘ .g. In sorption pumps, in
£

adsorptlon of toxins fro syste . ctivated -‘; bon is also finding increasing

application as caﬁilyst sﬁﬂ as well as mdtetials for electrodes in chemical sources of
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spectrum %f adsorptive activity, excellent physical and chemical stability, and ease of
production from carbénaceous waste or useless materals.

Almost any carbonaceous raw materials can be used for the manufacture of
activated carbon. However, the principal properties of manufactured activated carbon

depend on the type and properties of the raw material used.
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Table 1. Source materials that have been studied for the production of activated carbon

Bagasse .Corncobs Lignin Saw dust
Bones Distillery waste Peat Petroleum coke
Coal Flue dust Polymer scrap Wood

Coconut shellsFruit pits Rubber waste etc.

3.1.1 Structure of Activate

Figures 3.1-3.2 ite and turbodtratic carbon

respectively. Activated ¢ e ving microcrystallites only a
few layers in thickness angdfle _. width. v;el of structural imperfections
in activated carbon microc 1t135 d oh, whichiresults in many possibilities for
reactions of the edge carbons I S.
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Figure 3.1. Graphite Lattice
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Porosity

The formation of the Cry :’r c activated carbon begins early during

the carbonization proegss of e process of activation the

spaces between the &[é te ed of various carbonaceous
compounds and disorgamed carbon, and carbon is also re@oved partially from the layers

of the elemenmﬂcﬁtﬁ;‘sﬂjﬁ ﬂ;ﬂ%}ﬂﬁﬂlﬂﬁes. A suitable methods

and condition of Production process c?use a layer number of pores to be formed so that
the totaQ %}M ﬂv‘i m N %tq:*nq ?% E}ﬂaﬁv%i carbon is very
large so thlS cause large adsorption capacity. Activated carbon usually has several groups
of pores, each group having a certain range of values of the effective diameter.

Generally pores can be classified into three groups: macropores, mesopores and

micropores.



19

Macropores are those having effective diameter >50 nm and their volumes are not
entirely filled with adsorbate via the mechanism of capillary condensation. The values of
their surface area are negligibly small when compared with the surface area of the

remaining types of pore. Consequently macropores are not important in the process of

adsorption as they merely act asstrans affcgies rendering the internal parts of the

carbon grains accessible to

Mesopores, als itiohal pore haveeffective diameter falling in the
range of 2-50 nm. The gt olume withhadsorbate takes place via the
mechanism of capillary#€o at1 ol $ e ‘activated carbon, the volumes of

mesopores lie between thé i 02:071 /e ‘e peak of the distribution curve of

their pore volume versus their radius—s most
= :
355'1 .u.

liquid phase, activated'ga epfhan 3 nm in diameter, which

e range of 4-20 nm. For adsorption in

falls in the range of contribution to adsorption,

II ' T
| ]
the mam transport arteries for the adsorbate.

ﬂuﬁl’l‘l’lﬂﬂﬁwmﬂi

Mlcropores have small sizes c®mparable with, those of adsothéd molecules. Their
effectivgqiﬁt:rl a &minm uu’n:] ;Hi ngtpliaﬂnes of activated

carbons usually fall in the range of 0.15-0.5 cm’/g. In general, the surface area of

mesopores also perform a

microporous activated carbon lies between 100-1000 m*g. The energy of adsorption in
micropores is substantially greater than that for adsorption in mesopores or at the non-

porous surface. In micropores, adsorption proceeds via the mechanism of volume filling.
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3.1.2 Production of activated carbon

The activated carbon can be prepared by one of two methods: chemical activation
and physical activation.
1. Chemical activation. Activated carbon from this method is prepared by

carbonizing raw material with the addition of activating agents, which

influences the course of*
2. Physical activatid 1 is method is prepared by
carbonizing raw 1 suitable gaseous substances

(steam, carbo

Chemical activation -

In chemical activatio hod the-s| atetial 1s mixed with chemicals, and
then kneaded, carbonized and al activated carbon.

Table 2. The most wi, ISy USed aciivation agents 1or chentical Activation.
Aluminum chlorrde TiSodium hydroxide
i i¥

Ammonium chlorldve ydrogen chlor Potassium metal

s(,dlumﬂdu&l ’Jsflaleﬁl Yl 5 e
sm'mﬁ ANy

Calcium chloride Nitric acid Potassium sulfide

Sulfuric acid Calcium hydroxide Zinc chloride



21

The chemicals incorporated to the interior of precursor particles react to form
products resulting from the thermal decomposition of the precursor, reducing the
evolution of volatile matter and inhibiting the shrinkage of the particle. In this way, the
conversion of the precursor to carbon is high, and once the chemicals are eliminated after

the heat treatment, there is the porous product. Chemical activation offers several

advantages: 1.) It 1s performed in.g ag sists of carbonization and activation,

peratures, and 4.) In most cases

part of the added chemi i recovered However, chemical activation involves

hazardous chemicals and th€"re y ¢ hés from the products or off gas

results in multiple operatj not only makes the process

uneconomical but also co

et
Chemical activation i§ usu 5t 2a outtat“temperature 400-800 °C. The

variables that have influences pment of porosity are the degree of

impregnation that is the ivation salt to the dry, starting
. /. |
material, and the terfiperat r'—"' s are introduced into the

il

i

precursor, to produce phys‘xcal and chemical changes modifying the thermal degradation

— . ccﬁmu El {‘3 %g % ﬁhwrgs']iﬂ @ need to be high.

Durin regnation and espefially during @vaporation ther8ire a weakening of
the prec:%o rj qht:] imaa[ jgi]eﬂ:]ﬁ E‘L and swelling
of the particles. For small degree of impregnation, the increase in the total pore volume of
the product with increase in the degree of impregnation is due to increase in the number

of small pores. When the degree of impregnation is further raised, the number of larger-

diameter pores increases and the volume of the smallest decrease. After carbonization,
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most of the chemical is till in the particle, and the intense washing to eliminate it
produces the porosity. This means that the amount and distribution of the chemical
incorporated in the precursor govern the porosity of the carbon, thus making this
activation very flexible for the production of activated carbon with different pore size

distributions.

Physical activatior :

Physical activation processes: carbonization and

activation. The starting afl mized and t oxidized with suitable gaseous
substances in activation ted carbon.
Carbonization
Carbonization is o s in the production process of
activated carbons since it is he initial porous structure is formed.
During carbonization-mos

removed in gaseous figf Ystafting material, and the freed

B r
|| i
A ’ - “

»on are grouped into organized crystallographic formation known

as elementary gﬂhﬂ ﬁﬁl?‘l'ﬂ ﬂhig wmﬂ T crystallites is irregular.

The imp8itant parameters th}t determine the quality and the yield of the

o @ A REATRIUBATHE B e

final temperature and the nature of the raw material.

hygdrogen and oxygen are first

atoms of elementary car

The final temperature is the most important parameter in the process; this is
associated with the amounts of energy needed to split of the weaker chemical bonds and

to enable migration of the volatile products of thermal decomposition of the raw material
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to the granule or grain environment. If the carbonization temperature is increased, the
condensation processes in the material are enhanced and the greater the mechanical
strength of the resulting granules becomes.

The soaking time of the carbonaceous material at the final carbonization

temperature has an effect on the ordering of the compact structure of the carbon material.

We distinguish here two principal tem 8 at"yhich the effect of time 1s different:

ﬁ main thermal decomposition

are terminated.

TN

reactions appropria
2. Temperature hi formations, which the final

porous structugéof ghefc

In the first case, #fi e - mposition of the carbon material

continues over time. HowgWe ; g (| .‘\- position processes has become
inhibited.

In the second case, i an that at which the main thermal
decomposition '!:'_——— .";, a further ordering of the

internal structure of th

carbon material proceeds wit ¥ the possible generation of

aalie ﬂuaﬁwawswawni

The next fthportant parameter of the carbomzatlon process 1s the heating rate at
which tQ fw ‘}lﬂ@ﬂlsﬁw N\Wr}@ %Ej rn}:a rEJed rapidly, the
particular stages of the thermal decomposition of coal and the secondary reactions of the
pyrolysis products with each other overlap, so control of the establishment of the porous
structure in the carbonizate is more difficult. If the temperature is raised rapidly, a large

quantity of volatile matter evolves within a short time, and as a result pores of grater sizes
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The removal of unorganized carbon and the non-uniform burnout of elementary
crystallites lead in the first phase of activation to the formation of new pores and the
development of the microporous structure. In the subsequent phases, however, the effect
that becomes increasingly significant is the widening of existing pores or the formation of

larger size pores by the complete burnout of walls between adjacent micropores. This

usually used, which is ( fpt 1vated carbon expressed as a

\

percentage of the carbon] e brior te activation. The bumn-off (B)

(1)

The carbon atoms, w, F' | ‘the: urgrof the carbonized product, differ
markedly from one ahother n thei ds the activation agent. Those at the
edges and corners ofr

(7

crystal lattice, are a-ul ea esare incompletely saturated by
1 ' ¥

&d at defective places of the

interaction with neighboring.carbon atoms. glhese places are called “active sites” on

i ncrion ﬂu Elil NEk "Mﬂ Bhied £t ooty a smatt part,
the mostﬁn ﬁ r% ﬁ ﬁg m % dzr the reaction of
a gaseousga tlvatxo agent wit complex surface compounds are temporarily

formed on the active sites, and on their decomposition the oxidized carbon is removed
from the surface as gaseous oxides (carbon monoxide or dioxide). As a result of this, new
incompletely saturated carbon atoms become exposed on the surface of the crystallites

and the active sites are thus again prepared to react with further molecules of the
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are usually formed. The reactivity of the carbonization obtained in this way is greater
than that of the products heated at a slow rate. This is due to the greater porosity and
reduced ordering of the compact carbon material as compared with carbonizates obtained
from the same raw material but at a low rate of heating.

The thermal decomposition of carbonaceous material, the course of the secondary

mutual reactions of the pyroly

carbonizate are also affected By*the atm p@h the carbonization process is

conducted. If the gases e( Iving durngspyrolysis are rapidly removed by a

neutral gas or combustio nizate obtained is smaller but its

reactivity 1s greater.
The main aim of iZationipro; enerate in the granules and grains

the required porosity and ogder; : ty ompact carbon material. Both these

factors have a crucial effect on .r{r_ arbonizate in its reaction with the

gaseous activating agent. “Teactivity - the degree of porosity

Ofgact carbon matter. A large

generated and 2.) with
'I
volume of pores in the < rbomzate acilitates the diffusiontof the gaseous activator into

the granules andﬁsu Ej gj wﬁﬂwﬂﬂ ﬂ -jcnons may take place.

Activatiofi)

RGN FOHURAINHARY om0

During the activation of the carbonized product, first the disorganized carbon is removed,

and the surface of the carbon crystallites becomes exposed to the action of the oxidizing

agent. Details of the mechanism of this process, however, are not yet reliably understood.
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activation agent. Details of the mechanism by which carbon reacts with steam, carbon

dioxide and oxygen are shown below:

- Activation with steam

The reaction of steam with carbon 1s endothermic and a stoichiometric equation

has the form:

the formula:

G3)

Where: Py and res of steam and hydrogen,

. ; o , .
respectively, k;, k,, k: are the experimental ed rate constants. The following

. . T _,1
reaction scheme 1s accepted.a -Drob:

] C(H:0)———— H, + &0)

AU INTTINGNS

The inhibiting effect of hydro%en can be ascrlbed to its occupymo active canters

°“Wh'°ﬁﬂﬁ°ﬂﬁﬂ*&ﬂ‘§m3m'1’mmﬁﬂ

C+H,. <+——» C(H») ()

4)

Long and Sykes assume that the first step of the reaction is the dissociated
adsorption of water molecules according to the scheme:
2C+H.0 —3 C(H)+ C(OH)

C(H)+C(OH) — C(H2) + C(O) (6)
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Hydrogen and oxygen are adsorbed at neighboring active sites, which account for
about 2 percent of the surface area.
The reaction of steam with carbon 1s accompanied by the secondary reaction of

water-gas formation, which is catalyzed by the carbon surface:

CO+H,0 _____, CO AH = 42 kJ/mol 7
Activation with steam isscai ut g tures from 750 to 950 °C with the

gressively attacks carbon and
decreases the yield by sur . the oxides and carbonates of
alkali metals, iron, cop atalysts usually employed in
practice are carbonates small amounts to the material
to be activated.

- Activation with C

For the rate of gasificatiofi e 1- arbon dioxide an equation analogous to
that for the reaction with

Vi

] all (8)

W

Where: ﬁ ﬁﬁﬁeﬂeﬂ:ﬂ %”wﬂqﬂzﬁ are the experimentally

determined rate &nstants. Although J’ne quantltatwe validity of this equatlon has been
subject q wf}na@ ﬂeﬁ mb%ﬁr])?d%&'l r] a Bchamsm of the
reaction o? carbon dioxide with carbon.

The rate of this reaction is retarded not only by carbon monoxide, but also by the
presence of hydrogen in the reaction mixture. When from the possible hypothetical

schemes, which satisfy Equation 8, those are eliminated which include stages that have
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been experimentally shown to be improbable, two basic variants of the reaction
mechanism remain:
Variant A C+CO;, ——» C(0)+CO

Cc(0) — CO ' )

Co+C

C(CO)

i/ 0)+CO
fé (10)
\ 10

lles in the explanation of the

inhibiting effect of carb , caction depends on the number of

Variant B
The basic differen

free active sites. In vag ° Al 0 he peaction 1s considered to be
negligible and the inhib' g y -7 1 monokidekis supposed to be due to the
1e adsorbed carbon monoxide.
According to variant B the rate o¥h S¢ on is considered to be significant, and
the effect of carbon-monexides™is €x g_duye to a displacement of the

| 5’;

reaction equilibrium i  the )
.! 'Iril

¢hrbon dioxide involves a less erre getic reaction than that with

‘a v/ -
steam and reqﬂﬂﬂmwajtﬁ W(E’J’f]’ﬂ ﬁtlvatlon agent used in

technical practlcéls flue gas to which & certain amount of steam 1s ys ally added, so that

o QA HRIA TR AR I i e

dioxide are carbonates of alkali metals.

Activation with

- Activation with Oxygen (air)
In the reaction of oxygen with carbon both carbon monoxide and carbon dioxide

are formed according to the equations:
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C+0, —* CO; AH=-387 kl/mol (1)

2C+0,—* 2CO AH = -226 kJ/mol (12)
Both reactions are exothermic. The mechanism of the reaction of carbon with
oxygen 1s not yet fully understood; the most discussed poinf 1s whether carbon dioxide is

a primary product of carbon oxidatio e monoxide 1s formed first and the dioxide 1s

the product of secondary reaction.

esent state of knowledge it may be

assumed that both oxides arespr e of the ratio CO/CQO5 increases

with the increase of temp

The reactions wi easy to maintain the correct

temperature conditions j fienlt to avoid local overheating

which prevents the prod ]. Furthermore, because of the

very aggressive action of d to the pores but also occurs on

f:f—..

the surface of the grains, causing’great | ons activated with oxygen have a large

amount of surface ox;ide
R )

3.1.3 Determinal i on ¢ ated carbon’

i¥

ﬂ’J‘VIEJ
Qﬁﬁﬂﬂﬂimﬂﬁﬂﬂmﬂﬂ

BET surface area is the surface area that is measured using liquid nitrogen

Ij ;fmhs of actwated darbon that usually should be determined
11

and calculated by BET theory. Surface area is measured from the activated
carbon’s adsorption and desorption of nitrogen at 77 K.  Several

assumptions are used in BET theory, such as that the heat of adsorption is
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constant over the entire surface coverage of the monolayer and that the
monolayer is achieved despite the fact that exactly one monomolecular layer

1s never actually formed.

Porosity:
Pore size distributiog ef de - 1ined by applying the Dollimore-Heal
method to thewmieaSured de /&nerms and the microporosity is

evaluated b ! Then the mesopore and micropore volumes are

"‘%. capacities of the obtained

arbon are generally estimated by

determining the in liquid phase. The test substances

1

that usul ;‘, F"( methylene blue. Todine

adsorptxon i§ an indicato pal]lt “s remove the taste and odor

:r: wﬁr pjﬁhﬂﬁm Ej ;;1 ﬁ ﬁ;ptlon test evaluates the
A ANNIUNRIINYIA Y

Physico-chemical properties, which generally are determined, are:

- Volatile matter, which 1s the percentage of gaseous products, exclusive of
moisture vapor. Volatile matter is determined by establishing the loss in
mass resulting from heating an activated carbon sample under nigidly

controlled conditions.
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- Ash content, which consists mainly of oxides, sulfates and carbonates of
iron aluminum, calcium and sodium. In specific end uses the amount and
composition of ash content may influence the capability and certain desired
properties of activated carbon.

- Moisture content, whichys the water content in activated carbon and it is

3.2 Adsorption Theory

When two phases 1S a region at their interface the

composition of whic dif of gither phase. The increase in

. — o
the concentration of "f:', Y |

is known as adsorptior™ On the surface of a solid, substdnces can be adsorbed from a

gaseous or liqﬂqjﬁﬁ ﬂcﬁj W%” wlﬂad'srﬂﬂand the gas or liquid is

called the adsorbﬂe. P

AHA BTN NUATRUIR B w10 s e

molecules in the fluid phase. Two kinds of forces are involved, which give rise to either

with the bulk concentration,

physical adsorption or chemisorption. Physical adsorption forces are the same as those
responsible for the condensation of vapors and the deviations from ideal gas behaviour,

whereas chemisorption interactions are essentially those responsible for the formation of



32

chemical compounds. The most important distinguishing features may be summarized as

follows:

1.

Physical adsorption is a general phenomenon with a relatively low degree of
specificity, whereas chemisorption is dependent on the reactivity of the

adsorbent and adsorbate.

Chemisorbed molecules feactive parts of the surface and the

adsorption is ne . onfiige tﬁyer. At high relative pressures,
physical adsorpti ccurs as.a multilayer.

on desorption returns to the
d molecule undergoes reaction

it \ recovered by desorption.

The energy of oﬁ Lf:__ - sa order of magnitude as the energy

rﬂé "-"J , : . . .
change in a comoparaiie chemic action. Physical adsorption is always
g p y

exotherm1 alff not much larger than the

energy of ¢ \"' ever, it 1s appreciably enhanced
J

Fadsorption takes place in very naffow pores.

An aﬂaﬁ‘n&’e@ ﬂfﬂ Ww ﬁﬂﬂuﬁj and at low temperature

the sysﬂm may not have sufficient thermal energy to attaip equilibrium fairl
&P q ¥

when physica

RN AIATRUAIINEIR s e

determm ing.

The variation -of extents of adsorption with relative pressure of the adsorate at

constant temperature, 1s the adsorption isotherm. Next, the variation of extents of

adsorption with temperature of adsorption, at constant relative pressure, is the adsorption
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isobar. Finally, the variation of relative pressure of the adsorbate, with adsorption
temperature, to maintain a constant amount adsorbed on the adsorbent is the adsorption

1sostere.

3.2.1 Adsorption isotherm

solids and there are sign'r ainl variations r@ shape. According to IUPAC
classification, the shapes of . own in Figure 3.3 Type I isotherm
1s concave to the relativ haiply at low relative pressures
and reaches a plateaﬁ: ass of solid approaches a
limiting value as p/p° — \ \- essure necessary to attain the
plateau is an indication offa 1 7 e Rore S s'and the appearance of a nearly
horizontal plateau indicates a very smat ‘ emalsurface area. The limiting adsorption is
dependent on the ava le

Type I is8 almost linear and finally

] i

convex to the pp axns It indicates the formation of an adsorbed layer whose

ot GG TR A Gt 1

If the knee g"the isotherm is shdrp, the uptake at Point B is ysmally considered to
fe[ﬂwta a'nﬁefl ‘ifgu um’] ’llmyznl r]ia Eal:gmmng of the
formatlon of the multimolecular layer.

In Type III, the isotherm is convex to the pp” axis over the complete range
and therefore has no Point B. This feature is indicative of weak adsorbent-

adsorbate interactions.
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Type IV isotherm, whose nitial region 1s closely related to the Type II
isotherm, tends to level off at high relative pressures. It exhibits a hysteresis loop,
the lower branch of which represents measurements obtained by progressive
addition of gas of adsorbent, and the upper branch by progressive withdrawal. The

hysteresis loop 1s usually associated

ith the filling and emptying of the mesopores

2

Type V 1sother < initrall ve)ﬁ" axis and also levels off at high

by capillary condensation .

relative pressures. h 'a&'u-‘“-n‘_;‘ this 1s indicative of weak
!

NN

adsorbent-adsorbate ype V x\ ;m - exhibits a hysteresis loop

- N
which is associated g¥ithghgfrgechanism ofipore filling and emptying.
Eventually, Type ¥ Sothgini,’ therm, is associated with layer-
y ¥
by-layer adsorption off 2 g}ﬁ h as graphite. The sharpness of
[k '

the steps 1s dependent on t ‘z::::\-_gs.n,é'i emperature.

Reiztive praseurs gp/p’

Figure 3.3 Shapes of adsorption isotherm
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3.2.2 Regeneration
Process employed to restore the adsorptive capacity of spent carbon are known as
regeneration. Regeneration of carbon has been conducted in varied ways. Carbons used
for vapor phase adsorption are regenerated by passing low pressure steam through the

carbon bed to evaporate the adsorbed solvent and convey it to the exit where the steam is

condensed and the solvent is regos d state. In most cases the adsorptive

capacity of the carbon i [CSfored The @ been embodied in efforts to

regenerate carbon used to ' // \ Ges. from liquid systems, e.g., the
recovery of phenol fromg0 / ‘ \ :

\\ prption, the extraction of the
’_.1 »\R ¢'Gapacity in some applications.

adsorbate with a solveng

Unfortunately desorption g€ldq stoﬁ full

Generally a varietyfof g%ﬁ 1

because an effort is usually

'..\‘; d*from an industrial solution, and
e extraction of the desired substance, it

follows the other sub

e carbon. However, it is to be
'S

A overies are obtained by

II
n a carbon is reused. A possib e explanation is that the initial

adsorption satuﬁﬂeﬂ‘ﬁlﬂﬁwéiwHeﬂ'ﬂl?dsorptioin occurs, and

therefore the reu$® involves only those areas from WhICh complete rever51ble adsorption
Y f p p

o AHAIAFRAE N HHAR B

thermal means Spent carbon 1s directly subjected to oxidation, either with air at 300-

mentioned that instdnée

adsorption-desorption vﬁ

600°C or with steam and/or CO- at 800-900°C. The carbon recovery was satisfactory and

the adsorptive capacity was restored, 90-95% recovery
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3.3 Hydrothermal Treatment’

Hydrothermal process was originally developed mainly for sulfur reduction
technology. In the hydrothermal process developed at Battelle Memorial Institute, raw
coal is crushed and mixed with a leaching fluid to form a slurry. The leachant used is an

aqueous solution of sodium hydroxide and calcium hydroxide, with up to 10% NaOH and

about 2% Ca(OH),. The exact prop: ‘ yith coal characteristics. The slurry is

pumped into pressure vesselS " where it issh @O min at pressures between 350

and 2500 psi1 and temperal . = ' he chemicals are then filtered
off, regenerated, and rec ~after v ng andhdrying, emerges low in sulfur
and impregnated with

al sulfur during combustion.

According to Battelle, thi e nearly all inorganic sulfur. A

unique feature of this pro janic sulfur 1s also removed.

Limestone injection iplicated | three different types of reactions that

must take place; caleinati on. he main reactions are as

follows:

A ﬁﬂ”ﬁ‘lﬁ‘ﬁ%ﬂ Jdlie]

Ca0 + SO- > Caso; (13)

Qﬁ?ﬁ@&ﬂ‘ilmil’dﬁmﬁﬂ

Calcation 1s necessary for good SO» absorption because the reaction of SO, with

CaCOs is extremely slow at the temperature below which CaCOs is stable (~760°C).
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Thus limestone must be injected at the point at which the temperature 1s high enough (on
the order of 815-1145 °C) to give an adequate calcination rate.

Sulfation and oxidation appear to occur simultaneously in the boiler. About
1800°F 1s the optimﬁm temperature, above which the lime tends to “dead burn” and

become reactive because of the decrease inginternal pore area. At lower temperatures the

reaction 1s too slow.

The kinetics of SQa.absoiption i li“@ complicated. Pertinent factors
include retention time in t €t.SO: concentration, lime particle
diameter, sulfate loadi frequency factor and activation

energy), excess lime pr 8 1e \\ \

and moisture contents 1

fface area of the lime, oxygen
he lime particles. The general

mechanism is stepwise, as

1. Calcination produce e whose nature depends mainly on

limestone type.

2. The SO; re in the initial phase, during

which the citef resistance.

3. Furtﬁ ﬂoﬁl;ﬁ ﬁﬁ:ﬁﬂ%” wm«n#zm types of diffusion:

diffusin into ores so small,that the d1ffusnon rate 1s contro lmg, and diffusion

ARIGIR NN e

The ideal pore size appears to be 0.2-0.3 um. Smaller pores become blocked

ical reaction rate is the controllifo

rapidly, and larger pores do not have as much surface area, which is important because it

1s desirable to have as much absorption as possible take place during initial phase.
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Hydrothermal treatment is also used in low-rank coal upgrading technology.
Center for Coal Utilization, Japan has bee developed this project for expansion of low-
rank coals usage.'(’ The Indonesian low-rank coal, subbituminous and brown coal, can be
a suitable fuel because of their high volatile matter, low sulfur and low ash. These types

of coals are abundantly reserved in the world. They have not, however, been fully utilized

By removing wat€r a atbiting reabsorption of water from low rank coals by
upgrading treatment, these g6als cad ndled"and, transported. In addition, since

CWM (Highly-concentratg pgraded coals has no spontaneous

combustion problems, the O\be highly utilized in the future.

Through or preliminary n d that the most appropriate coal
upgrading technology for CW be the hydrothermal treatment process

or they called Hot Water D equently the HWD process turned

out to be the basic CHNoIo; Regearch and development of

'| r|I
ultra-fine CWM from raded coals by'a HWD treatment for the direct combustion in

diesel engines aﬁ ﬁ gﬁ Wﬂwgwﬂsrﬂrﬁfxumha
AN ﬁNﬂ'ﬁﬂJ URIINYIAY
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Mechanism of HWD treatment

Low-rank coal was treated under high temperature and high pressure reactor,

which has a result in HWD treated coal form.

BMLow-rank coal

Figure 5.4. Coal inferpalsfrnctu - ssed hydrothermal process.'®

3.4 Supercritical WIp e .‘F‘
A supercritical @id 1S 2

pressure. In the su ercriticll &rea there 1S onl%ohe stg—gti—tﬁf%d and it possesses both
gas- and liquid-I JFJ EJ ’SJ

pertie

TR T I i e

those of 11§uids and gases. Characteristics of a supercritical fluid are:

above its rﬂ] ical temperature and critical

- Dense gas
- Solubilities approaching liquid phase

- Diffusivities approaching gas phase
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Mass transfer couid be enhanced by supercritical fluids. Their dynamic viscosities
area nearer to those found in normal gaseous states. In the vicinity of the critical point,
the diffusion coefficient is more than ten times that of a liquid. As is the case for density,
both the viscosity and diffusivity are dependent on temperature and pressure. Changes in

viscosity and diffusivity are more pronounced in the region of the critical point. Even at

high pressures (300-400 atm) viscos ncfdiftusivity are one order-of-magnitude less
gh p ( ) Vs i/ ty g

than a liquid. Therefore, thes usivity, gas-like viscosity, and

liquid-like density combiéd™V eSS Olvating power have provide the

\\

impetus for applying superg *. s problems.

ﬂumaﬂ-- ?VI?WE]’Iﬂ‘i

3 w'
i Dwhdn O
i— PR T % <" %

Qﬁﬁaﬂﬂ‘im‘%ﬂﬁ(ﬁ%ﬁﬂﬁﬂ

Figure 3.5 Temperature —Pressure diagram of fluids
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3.4.1 Application of Supercritical Fluid Technology

The application of supercritical fluid technology can be categorized into three
general processes;

1. One-Step Separation: In this case the supercritical fluid is contacted with

another phase and the supercritical fluid used to remove a contaminant. For

example supercritica ' ed to remove pyrethrin, a naturally

2. Two-Step Sepafe inated phase is brought into

contact with ag adsorbent. The supercritical
fluid 1s not the ple of this application would be
the augmentatig iment methodology. Frequently, it
1s necessary to #ollow"s 7’ ical treatment with some physical-
chemical process Suclijds.aciivaie ot dsorption. CO; under supercritical
conditions’ can be egenerate either activated carbon or
synthetic |-§' = ,1:' j
-

s 1 3 " T .. T
3. Reactive ..;! ation: Reactiv paration occlits when supercritical fluid is

brouﬁ( ﬁcﬂaw e material, and serves
as a geaction medium exampe con51der the role of water as an

QTR TRURATN Y o v

Yhas a high supercritical temperature and consequently, hydrogen bonding
under critical temperature and pressure conditions is almost nonexistent.
However, under supercritical fluid conditions water becomes an excellent

solvent and it is completely miscible with the organic pollutant.
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