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CHAPTER III

THEORY

Activated Carbon

Activated carbon i material with a highly developed

-

Figures 3.1.1:8.

carbon, respectivel milar to the latter type, having

microcrystallites o and less than 10 nm in width.
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Figure 3.1.1 Graphite Lattice
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AUBy carbonizing material with the addltlon of actlvatmg agent such
¢
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pyrolysis. This method is generally called as “chemical activation”.

Rice hullm Rubber waste

- By carbonizing raw material and then reacting with suitable gaseous
substances (steam, carbon dioxide, or oxygen). This method is

generally known as “physical activation”.
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Chemical activation

In chemical activation process the starting material is mixed with
chemicals, and then kneaded, carbonized and washed to produce the
final activated carbon. The most widely used activation agents are

Aluminum chloride Ammonium chloride Boric acid

Calcium chloride ‘ ’ , ium hydroxide = Hydrogen chloride

Iron salt Nitric acid
ﬂnumz oxide Potassium sulfide

iide Sodium oxide

Zinc chloride

e#Che sf'i poFated \ ior of precursor particles
react to f droducts*tesulting i‘u\ e ermal decomposition of the

precursor eyoltifion o ' Volatile matter and inhibiting the
F _:-'h.‘ - ok \ )
shrinkage of the p: ---'d’-,_ 0 ] vay, the conversion of the precursor to

L=TE) N
carboiiis arg” eliminated after the heat
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N ) g
treat V . J emical activation offers
several mvantages (1) it is performed i;Bone stage that consists of

ﬁﬁm%ﬁﬂﬁngqlﬂ?rbon products, (3) it

usés lower temperatlge and (4) 1n most cases of the added
QRARARI T YT T
hazardous chemicals and the recovery of these chemicals from the
products or off gas results in multiple operations. Non-recovery of
chemicals not only makes the process ﬁneconomical but also contributes

to environmental pollution.
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Chemical activation is usually carried out at temperatures from 400-
800°C. The variables that have influences in the development of
porosity are the degree of impregnation that is the weight ratio of the
anhydrous activation salt, starting material, and the temperature of
activation. The chemicals are introduced into the precursor, to produce

physical and chemic s, modifying the thermal degradation

process. Asa ture of the process does not need

during evaporation there are a
rolysis reaction, an increase
For small degree of
volume of the product with
s due to the increase in the
number of srnall'f"" Wh > degree of impregnation is further

inereases and the volume of

—

the s \"_ EJ. of the chemical is still
in the [micle and the intense washing m eliminate it produces the

ﬂo‘u ﬂﬂ'ﬂ‘ﬂmwmdﬂdﬁnon of the chemical

n¢brporated in the precursor govern the porosity of the carbon, thus
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carbon with different pore size distributions.



23

Physical activation
Carbonization

Carbonization is one of the most important steps in the production
process of activated carbons since it is in this course which the initial
porous structure is formed. During carbonization most of the non-

carbon elements, hydgogen' and oxygen are first removed in gaseous

form by thermal decomposiifs starting material, and the freed

ar%-lnto organized crystallographic

\\\ crystallites. The mutual
the quality and the yield of

atoms of el

rate \\ ng, the final temperature, the
and the nature of the raw material.

The final teMmperature i most important parameter in the
.r'-:-' }_,} :‘r' '."-E-. .
process: ated ‘'with  of energy needed to split of

=

'Im,,,— \.‘ . . .
the yﬁ‘ ble ‘ igration of the volatile

productﬂf thermal decomposmon of the raw material to the granule or
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cOhdensation processes in the mater1al are enhanced and the greater the

q RARIRTRIURIFNHIA &
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

temperatures at which the effect of time is different:
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1. A temperature lower than that at which the main thermal

decomposition reactions appropriate to the given raw material are
terminated.
2. A temperature higher than that of the internal transformations at

which the final porous structure of the carbonizate is established.

In the first case,.a fu low thermal decomposition of the carbon

, some part of the decomposition

-—‘

ach other and the carbon

ites have been brought to

la ter perature higher than at which the

*csses are terminated, with elapse of

time a“furt ( the in ciite of the carbon material
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proceeds: v allites. As carbonization
continuﬂ the volume of the smallest poreﬂsually decreases due to the

ﬂﬁﬁﬁeﬂ Wﬁﬂ‘ﬁﬂﬁ?%s Therefore, the

t1v1ty of the carb%mzate obtamed becomes lower the longer it is

q RARASANVIIREI A
The next important parameter of the carbonization process is the
heating rate at which the final temperature is achieved. When the
temperature is raised 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
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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 greater sizes are usually formed. The
reactivity of the carbonizate obtained in this way is greater than that of

the products heated at a slow rate. This is due to the greater porosity and

us material, the course of
the se | '. pyrolysis products and the

onizate are also affected by the
izatic ocess is conducted. If the
gases and .ap' _ ol ng '\k olysis are rapidly removed by a

neutral gas or co il

_,..__,.a

_then the quantity of the carbonizate

obtained is

T

! e — \‘ 3 .
g"-"- o“t;‘-‘-l is to generate in the

granules 2 d gralns the required porosny and ordering of structure of the

ﬁ'ﬂ' ﬁbﬁa ‘weﬁ m w Ej«ﬂs ﬁé‘j’ crucial effect on the

re t1v1ty of the carboglzate in its r%:tlon with the gaseous activating

q Wa%msﬁ@masm% m&:e]oﬂo&lity generated
1 and (2) with reduction in the ordering of the compact carbon matter. A
large volume of pores in the carbonizate facilitates the diffusion of the
gaseous activator into the granules and ensures a large surface area on

which chemical reactions may take place.
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Activation

The oxidizing agents most often used are steam, carbon dioxide,
oxygen (air). 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.

W process, however, are not yet reliably
understood.

The refi6val 6 uinorgs mzw the non-uniform burnout of

elementaryefysidllifes le .\ he first.phase of activation to the

AN

formation™ of #he 'eé_ f g :- . - ment of the microporous
. L] 'L « I v ¢

Details of the mecha ani -

structureg neg DSEQUE

..- r, the effect that becomes
":‘;— ' V \
ne

o U \
increasingly giguificant i n of existing pores or the

AL
formation of lagger sizg .n b the lete burnout of walls between
¥ f f-’ (. - eni ‘ - 3
adjacent micropores § to an increase in the volume of
transitiona macropores, hg™ volume of micropores
- '
diminishe B2 tion the so-called burn-
off is !ﬂally used, which is the percenﬂe weight decrease of the

ﬂtﬂlﬂiﬁ Wﬂ?ﬁw E]Pﬁ ﬂlﬁl carbonized product.

Séinetimes the so-call%d activation yleld is used, whxch is the weight of
A 4R TR VIR ) oo o o
carbonized intermediate product prior to activation. The burn-off (B)
and the activation yield (A) are related thus:
B=100- A
The carbon atoms, which form the structure of the carbonized

product, differ markedly from one another in their affinity towards the
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activation agent. Those at the edges and corners of elementary
crystallites, and those situated at defective places of the crystal lattice,
are more reactive, because their valencies are incompletely saturated by
interaction with neighboring carbon atoms. These places are the so
called “active sites” on which reaction with the activation agent occurs;

these sites represent o 1 part, at the most only a few percent of

the total surface ion. In the reaction of a gaseous

—

th rb@ surface compounds are

ind on their decomposition the

\ IR

activation

as gaseous oxides (carbon
new incompletely saturated
e of the crystallites and the
active site . ! apa  react with fuﬁher molecules of the

activation agent. Yetails of 1k hanism by which carbon reacts with

steamgygarbofi dioXide andox vn below:

7 B P

-

- Actmltion with steam m
AT INUTSRE T = -

foichiometric equatlon has the form
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C+H0 —» By +CO AH =+130 kJ/mol

The rate of gasification of carbon by a mixture of steam and hydrogen is

given by the formula:
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Wlon )

V=
1+kP_  +kP

2 H20 37 H2

where: P and P are the partial pressures of steam and hydrogen,

respectively, k , K, k, are the experimentally determined rate constants.

It was assimed that the firststep of the reaction is the dissociated

SUEANLNINYINT.
QRSN IUNIIINEINY

C(H) + C(OH) — C(Hy) + C(0O)

Hydrogen and oxygen are adsorbed at neighboring active sites, which

account for about 2 percent of the surface area.
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The reaction of steam with carbon is accompanied by the secondary
reaction of water-gas formation, which is catalyzed by the carbon

surface:

CO+H,0 — CO;+H; AH = -42 kJ/mol

drout at temperatures from 750 to
ygen, which at these temperatures
ie yield by surface burn-off.
It is catalyzed i § s, anc arb es of alkali metals, iron, copper
and ot gtals: tive atalysts © ally employed in practice

ded in small amounts to the

-
=

."'- . ;
by earbon dioxide an equation
{

analogo to that for the reactlon with steam has been derived:

ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂ”ﬂi
R aﬁﬂifuw%ﬂv'm‘%i’ ¢

where: P and P, are the partial pressures, and k ,k_,k, are the

experimentally determined rate constants. Although the quantitative

validity of this equation has been subject to criticism, it is taken as a
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basis for consideration of the mechanism of the reaction of 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 2, those

The laasw difference between the two schemes lies in the

ﬁﬂ% &1’ %h%l% %Wfﬁ%}ﬁﬁmde The rate of the

reactlon depends on thie number of fice active sites.gln variant A, the
A Wk BT LS A LAl EL AR L o e
inhibiting effect of carbon monoxide is supposed to be due to the
blocking of active sites by their being covered by the adsorbed carbon
monoxide. According to variant B the rate of the reverse reaction is

considered to be significant, and the effect of carbon monoxide is



31

explained as being due to a displacement of the reaction equilibrium in
the latter equation.

Activation with carbon dioxide involves a less energetic reaction
than that with steam and requires a higher temperature 850-1000°C.
The activation agent used in technical practice is flue gas to which a

ly added, so that actually this is a case of

he reaction with carbon dioxide

——

: \. oth carbon monoxide and

he eguations:

AH =-387 kJ/mol

- —?ﬁ kJ/mol
Y X )

Botl;mreactions are exothermic. The mechanism of the reaction of

ﬂbuvé ?5/% iW%;;Wﬁﬂoﬂﬂimost discussed point

isq'livhether carbon dioxide is a primgy product of c@on oxidation or

q Wa anﬁife]isljom Ntm’ae‘aomeﬁlta p@h&tjof secondary

' reaction. According to the present state of knowledge it may be

assumed that both oxides are primary products. The value of the ratio
CO/CO, increases with the increase of temperature.

The reactions with oxygen being exothermic, it is not easy to

maintain the correct temperature conditions in the oven; it is especially
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difficult to avoid local overheating which prevents the product from
being uniformly activated. Furthermore, because of the very aggressive
action of oxygen, burn-out is not limited to the pores but also occurs on
the surface of the grains, causing great loss. Carbons activated with

oxygen have a large amount of surface oxides.

.

3.1.2 Porosity

s'a large number of pores to be
of their walls, i.e. the internal

surface of the act1 very large, and this is the main reason

for itsarg
-

Y |

group, *rtain range of values of the

e bon usually has several

effectivemiameter Formerly pores can beﬂassiﬁed into three groups:

'FT"EJ’EJ ﬁ%ﬁﬂ?ﬂ’ﬂ 7
5] W’] ﬂ'&’ﬂ ‘jaﬁjn%.] Wﬂc’%pﬂb&]% E]of adsorbed

molecules. Their effective diameter are usually smaller than 2 nm, and
average pore volumes of activated carbons usually fall in the range of
0.15-0.5 cm’/g. In general, the surface area of microporous activated
carbons lies between 100-1,000 m%*/g. The energy of adsorption in

micropores is substantially greater than that for adsorption in mesopores
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or at the non-porous surface. In micropores, adsorption proceeds via the

mechanism of volume filling.

Mesopores, also known as transitional pores, have effective
diameter falling in the range of 2-50 nm. The process of filling their

place via the mechanism of capillary

bons, the volumes of mesopores

. @eak of the distribution curve

raditis.is ostly in the range of 4-20

volume with adsorbate

nm. Fo ; jig liquid phase, activated carbon should have pores
size lar nm in-diameter, wh alls in the range of mesopores.

Besides Siof ﬁc£ r1b ~adsorption, mesopores also

perform as | Jain Egpd ¥ er1 e adsorbate.

_ﬂ.‘:.:a"" g

ameter >50 nm and their

————————— o .

Macropores are those hay ive di

volumes/ baié via the mechanism of

capillanmondensation
LIRS

fipore. Consequently macropores are not 1mpor’tant in the process of

Q TIOHRAFY B4 A ) o

parts of the carbon grains accessible to the molecules of the adsorbate.

[he values of th'm specific surface area are

3.1.3 Determination of the properties of activated carbon
The properties of activated carbon that usually should be determined

are following:
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Surface Area:

BET surface area is the surface area that is measured using liquid
nitrogen 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 const ( tire surface coverage of the monolayer

pite the fact that exactly one

Porosity:

Pore size diStribution can be'dete ed by applying the Dollimore-Heal
method to s, and the microporosity is
evaluated by lesopore and micropore volumes

are determined 40-evalta ial adsorption capacities of the

A orption‘l'&:

JiebIEN pd) 1AL B
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substances that usually used as adsorbates are iodine and methylene
blue. lodine adsorption is an indicator of the capability to remove the
taste and odor from water. On the other hand, methylene blue

adsorption test evaluates the adsorption capacity for the color in water.

Physico-chemical properties, which generally are determined, are:
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Volatile matter, which is 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 rigidly
controlled conditions.

Ash content, which consists mainly of oxides, sulfates and carbonates of

iron aluminum, calcium|a , odium. In specific end uses the amount
\

and composition influence the capability and certain

— e,

desired propefties ofactivate

M01sture priteni /
often regiiired#to Mefine and express

"‘ ter content in activated carbon and it is
\ \\:\

er content in relation to the
net weightt o
Bulk densSity, le mass per unit volume of the

activated e@rbg e system and the external void

ﬂﬂﬂ?ﬂﬂﬂﬁﬂﬂ’ﬂﬁ
ammﬂimwm YN
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3.2 Adsorption Theory
When two phases are in contact, there is a region at their interface the
composition of which is different from that of the bulk of either phase. The
increase in the concentration of a substance at the interface as compared with

the bulk concentration, is known as adsorption. On the surface of a solid,

molecules in the -». are involved, which give rise

to either physigal ads6r} r ' ysical adsorption forces are
the same as thgs€ regponsi yrthe co \ of vapors and the deviations
from ideal gas interactions are essentially
those responsible™ fo the‘ o) of e ical compounds. The most
e . '
important distinguishing features may be Summarized as follows:
J-‘fj b= .
1. Physicaladse ‘general ph ] ﬁ a relatively low degree
_—— e

of specifiéil "“‘ t on the reactivity of the

adsorbent 2 d adsorbate.

2 Clﬂx ﬂbﬂmﬁ%ﬁrmdw ﬂtﬁt ﬂ'@?f the surface and the

ads tion 1is necessanl* confined to a monolayer. At high relative
AR T L B

A physisorbed molecule keeps its indentity and on desorption returns to the

fluid phase in its original form. If a chemisorbed molecule undergoes

reaction or dissociation, it loses its identity and cannot be recovered by

desorption.
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4. The energy of chemisorption is the same order of magnitude as the energy
change in a comoparable chemical reaction. Physical adsorption is always
exothermic, but the energy involved is generally not much larger than the
energy of condensation of the adsorbate. However, it is appreciably

enhanced when physical adsorption takes place in very narrow pores.

extents of adsompti ‘ ith i e of ‘adsorption, at constant relative
pressure, is the ad orpion 1§W | ariation of relative pressure of
the adsorbate. with ads ’ ré, to maintain a constant amount
adsorbed on the ad

».f ’ ‘

3.2.1 Adsorpmn isotherm m

AL LELE AU w——

p6fosity in solids and t ‘here are 51gn1ﬁcant variations 1n isotherm shape.

4 WM AR A F484 3 B fion s

are shown in Figure 3.2.1. Type I isotherm is concave to the relative
pressure (p/p°) axis. It rises sharply at low relative pressures and reaches
a plateau: the amount adsorbed by the unit mass of solid approaches a
limiting value as p/p° — 1. The narrow range of relative pressure

necessary to attain the plateau is an indication of a limited range of pore
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size and the appearance of a nearly horizontal plateau indicates a very
small external surface area. The limiting adsorption is dependent on the
available micropore volume.

Type II isotherm is concave to the p/p° axis, then almost linear and

finally convex to the p/p° axis. It indicates the formation of an adsorbed

o0 the p/p° axis over the

B. This feature is indicative

Type IV isothe et whose initiz region is closely related to the Type
i—- .-'f'.."p‘.,ia’ e

s et

II ist 81T € pressures. It exhibits a

" ‘\‘
hysteres S t ’ epresents measurements

obtameﬂoy progresswe addltlon of gas @

ﬁ’u El Q%E Whﬁjaw m ﬂsﬁeﬂs loop is usually

c1ated with the filling and emp&ng of the mesgpores by capillary

ARSI UM INEIAY

Type V isotherm is initially convex to the p/p° axis and also levels

adsorbent, and the upper

off at high relative pressures. As in the case of the Type III isotherm,
this is indicative of weak adsorbent-adsorbate interactions. A Type V
isotherm exhibits a hysteresis loop which is associated with the

mechanism of pore filling and emptying.
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Eventually, Type VI isotherm, or stepped isotherm, is associated
with layer-by-layer adsorption on a highly uniform surface such as
graphite. The sharpness of the steps is dependent on the system and the

temperature.

L, l " I

Vi

Specific amount adsorbed n

: ._.-. es of adsorption isotherm
' ; .Mif *

3.2.2 Rege ofs . “
Promss employed to r_estore the adsorﬂve capacity of spent carbon

LR ILE

! varied ways. C‘arbons used for vapor phase adsorption are
QWA Fhd TR LG o s
evaporate the adsorbed solvent and convey it to the exit where the steam

is condensed and the solvent is recovered in a liquid state. In most cases

the adsorptive capacity of the carbon is restored. The principle has been
embodied in efforts to regenerate carbon used to remove volatile

substances from liquid systems, e.g., the recovery of phenol from coke
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oven waste liquors. Desorption, the extraction of the adsorbate with a
solvent, can restore much adsorptive capacity in some applications.
Unfortunately desorption seldom restores the full capacity.

Generally a variety of ingredients are adsorbed from an industrial
solution, and because an effort is usually made to obtain selective

extraction of the desired ce, it follows the other substances

remain as residuals on ever, it is to be mentioned that

—

ed. A possible explanation

of the surface on which

directly subjected to oxidation, either
with aifyat300-600°C or Wit or/CO; at 800-900°C. The

carbon'rec he “ddsorptive capacity was

AULINENTNEINS
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