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Abstract

The present study is aimed at developing & liquid phase adsorption
process using activated carbon as adsorbent for removal of benzene from
63-69° hexane cut containing 10,000 ppm benzene to produce petrochemical
grade hexane containing 20 ppm benzene. Different activated carbons
have been evaluated for this application on the basis of equilibrium
adsorption isotherm measurements and column dynamic studies in a fixed
bed metallic adsorption column. Steam was used as desorbent. Hexane
containing less than 20 ppm benzene could be produced from selected
carbons under repeated cycles of adsorption-desorptior without any
capacity loss. Typical results are presented and discussed.

1. INTRODUCTION

The petrochemical industry requires 63-69°C hexane cut containing
2C ppm benzene and 1 ppm sulphur for use as solvent in polymerisation
reactors. This hexane is generally made by catalytic hydrogenation of
corresponding naphthe cut. Alternatively this hexane can be produced
by liguid-liquid extraction using typical polar scolvents like N-methyl
pyrrolidone, for example, acid treatment or adsorptive separation with
selective adsorbents for benzene like activated carbon or molecular
sieves. However, in India, the current demand for this high purity
hexane is only 1600 t/a which is being totally imported. This demand is
projected to increase to 4000 t/a. For such limited scale of production
neither catalytic conversion nor liquid extraction processes would be
economic. Acid treatment is also not acceptable due to environmental
limitations and moreover it would not be able to meet the stringent
specifications for benzene limits in the product. For the present
application the adsorptive separation route appears to offer maximum
scope for development. Adsorptive separation processes are being success-
fully used in commercial scale both in bulk separations and purifications
in liquid/vapor phase [l]. Their use in liquid phase purification
applications (waste water treatment) is largely based on granular
activated carbon adsorbents and over a hundred such plants are reported
to be operating in the United States alone [2].
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2. SCOPE OF STUDY

The present study deals with development of a liquid phase adsorption
process for the production of petrochemical grade hexane containing 20 ppm
benzene and 1 ppm sulphur from a hexane fraction 63-69 C containing upto
10,000 ppm benzene. The study was aimed at evaluating adsorbents for this
application and providing engineering design and scale-up information for
design of an adsorption plant for production of 3500 t/a of hexane product.
While both granular activated carbon and molecular sieves (13X) are suitable
adsorbents for benzene removal from hexane cut, the study was confined to
evaluation of activated carbons primarily because of ease of regeneration
of spent adsorbent beds with low pressure steam. Molecular sieves require
more severe regeneration and drying conditions ( 250°C). The experimental
program drawn up included equilibrium isotherm measurements with selected
activated carbon adsorbents, column dynamic studies and bed regeneration
studies.

3. EXPERIMENTAL

3.1. Adsorbents Evaluated

Five granular activated carbons were evaluated for their efficacy in
removing benzene from hexane hy liquid phase adsorption. Their physical
characteristics are given in Table 1.

Table 1
Physical characteristics of activated carbons

Carbon Supplier Mesh Total Bulk % Pore
size suxface arez density volume
(m™/g) (g/ml) (ml/g)
1CA SP Industrial 20/30 1000 0.55
Carbons 8/16
Baroda
GAC 83C Ato Chem 8/30 950-1000 0.51 0.85
Inc. USA
GAC 610 to Chem 6/10C 900-1000 0.47 0.85
Inc. US4
B8CE-C Hyderabad 20/30 1200 0.40 1.2
Carbons 8/1¢
SCG-F Hyderabad 20/3C 1050 0.40 0.9
Carbons 8/1¢
3.2, Equilibrium lsotherm Measurements

Known amounts of activated carbon sample were agitated with refinery
bexane feeds containing varying concentrations of benzene for 4 hrs in
jacketed flasks maintained at 30 C = 0.1°C. The equilibrium liquid phase
was then sampled and benzene concentration determined by ultra violet
spectroscopy as per UOP Method 370-65 [3].



3.3. Adsorption Breakthrough Curve

Raw hexane feed was pumped in an upflow mode through a bed of
granular activated carbon kept in a jacketed column. The column was
maintained at the desired experimental temperature by circulation of
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thermostated liquid. Liquid effluent from the top of the adsorption.column
was periodically sampled and benzene concentration measured by UV spectro-

scopy. A schematic diagram of the unit is shown in Figure 1. The para-
meters studied included carbon particle size, bed length, feed flow rate
and temperature.

CHILLER
ADSORBER >
PRODUCT
RAW
HEXANE U —
CHILLER
T DESORBATE
TO VACUUM

Figure 1. Schematic diagram of liquid phase adsorption unit

3.4, Desorption Breakthrough Curve

The spent adsorbent was regenerated by steam which entered the
adsorber from the top, countercurrent to the feed as shown in Figure 1.
The desorbed hydrocarbons are condensed in the chiller at the bottom of

the column and periodically sampled for benzene concentration measurement.

The bed was then dried with hot air or by vacuum, while maintaining bed
temperature at 120-130°¢C by circulation of thermostated liquid. The bed
was then cooled by compressed air circulation at ambient temperature.
The parameters studied included: steam flow rate and its temperature,
air flow rate and its temperature and column pressure.
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b, RESULTS AND DISCUSSION

The total adsorption capacity of the activated carbon for benzene
could be calculated from the break through concentration-time curve by
numerical integration using the relationship.

W= FLEZ,-C_)A& - Fféac 9

0f the activated carbons evaluated, four carbons (Table 2)exhibited
capacities in excess of 30 mg/g.

Table 2 o
Total equilibrium capacity for benzene at 30 C
Feed Hexane containing 10,000 ppm benzene

Carbon Total equilibrium capacity for benzene
(mg/g)

Ato Chem GAC 830 50

Industrial Carbon ICA SP 40

Hyderabad Carbon SCG-F 50

Hyderabad Carbon SCG-G 30

In the range of interest (0-10,000 ppm benzene) the equilibrium
isotherm is linear. A typical relationship is depicted in Figure 2.
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Figure 2. Equilibrium isotherm with carbon SCG-F
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From the concentration-time breakthrough curve data obtained with
each carbon in the column dynamic studies, the breakthrough time for 20 ppm
benzene in the effluent liquid was obtained. This is a critical parameter
as it determines the cycle time for the adsorption cycle. The relationshir
of this breakthrough time and product yield with variation in different
operating parameters like feed flow rate, bed height is depicted in
Figures 3 and 4 for the activated carbon SCG-F.
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Figure 3. Relationship between feed flow rate and breakthrough time
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Figure 4. Relationship between bed height and breakthrough pcint

From these Figures it is evident that both breakthrough time and
product yield increase with decrease in feed flow rate. Increasing the bed
height also increases the breakthrough time while yield remains almost
constant. The breakthrough time and yield decreases as carbon particle
size is increased. The increased carbon particle size leads to a2 more
diffuse mass transfer zone because of increased intraparticle diffusional
resistance. This is shown in Figure 5.
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Figure 5. Effect of particle size of carbon on breakthrough curve
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The results of these experiments suggest that product yield can be
increased by selecting operating conditions so as to increase the break-
through time. Optimum operating conditions would lie towards low liquid
flow rates, small carbon particle size and longer bed lengths.

Experiments on steam desorption of the spent adsorbent bed indicate
that over 85% of the adsorbed hydrocarbons and void liquid in the bed are
stripped off by low pressure steam within the first 10 minutes of the
process. Significant "tailing" of the desorption curve is then observed
and the time required to complete the desorption depends significantly on
steam rate. This is shown in Figure 6. »

CARBON ICA SP
BED HT. I8 m
O STEAM RATE 65 gm/min.

STEAM PRESSURE 3 Kg/Cm?
TEMP. 135°C

© STEAM RATE 43 g/m
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TEMP. 120%
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Figure 6. Effect of steam rate on desorption
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For a typical granular activated carbon the steam requirement for
desorbing the total organics in these experiments works out to be around
12 1b/1b desorbate.

After the steam desorption step the bed drying was studied. The
bed drying studies involved use of hot air at temperatures 120- 130°C and
flow rates 50 te 100 1/min. Alternatively use of vacuum to dry the bed
was also studied.

It was observed that breakthrough time and hence product yield are
also influenced by the bed drying procedure used. The use of yacuum
(150-200 mm Hg) drying while maintaining the bed at around 120°%¢ by hot oil
circulation through the adsorber jacket gave a 5% increase in product yield
compared to hot air drying. The drying period was around 1 hr in both
cases.

The bed was then coolec by using compressed air at ambient tempera-
tures and the cvcle of experiments repeated.

The selected carbon SCG-F was found to perform satisfactorily in
giving around 75% product yield over repeated cycles of adsorption and

desorption.

For this particular carbon the optimum operating cycles are given

below.
Adsorption 210 mins
Column drain 30 mins
Steam desorption 60 mins
Vacuum drying 60 mins
Air cooling 6C mins

Basec on the results of this study a commercial plant of 3500 t/z
capacity for production of petrochemical grade hexane is being built at
Bombay in India. A diagram of the flow sheet for this plant is given
below.
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348

5. CONCLUSIONS
In conclusion we note that
i) Benzene from refinery hexane 63-69°C cut can be removed to below
20 ppm by liquid phase adsorption on granular activated carbon at
ambient temperature (30-357C).
ii) The treated hexane meets specifications for petrochemical grade
hexane.
iii) The spent carbon can be regenerated by low pressure steam followe
by vacuum drying and cooling with air.
iv) Product yield of around 75% is maintained through repeated cycles
of adsorption-desorption. Bed performance does not deteriorate.
v) The process will generate a by-product stream of hexane containin
around 12%-15% benzene which can form gasoline blending stock.
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Abstract

The adsorption selectivity of active carbons depends stronglv on the chemical compo-
sition of their snrface. A significant role is here aseribed to the suvface oxvgen functiona
aronps. The measurements of adsorption from binary lignid mixtures containing polar
and nonpolar component are useful 1o determine the chemical character of the surface
of modified carbon materials [1-3]. The range of preferential adsorption of these compo-
nents is related 10 the number of the surface sites of appropriate polavity. In the present
paper the active carbon Ri-ex (Norit) has been investigated afier different chemical mo-
dihications of 1t~ surface (oxidation and thermal decomposition of the snrface oxides .

1. EXPERIMENTAL

The mimeral manier (ash) was removed fron the commerciallv obrained active carboy
Ri-ex (Norits by treatment with concentrated hivdrollnovic and hvdrochione acids, <o
that i< conmtent i the carbon did not exceed 0.2, Part of thes carbon was used withon
am additional processing (sample N the remaining part was chemiealls maodified
two different wave. The oxidized sample (Ox 1 was prepared nsing concemrated HNO
at 453K, The reduced sample (HT) was obtained by heating at 1250 i an argon
atmosphere.

I order 10 estimate the basis parameters characierizing the porons strucéture of the
origimal and pretreated carbons. the henzene adsorption and desorprion isotherms at
293K were derernnued by use of a MeBai-Bakr sorption balance.

Next. the excess adsorption isotherms of henzene {roni hinary mixtures iy methanol.
acetone and v-heptane were determined for these carbons at 293N using a mmersion
method {1 For cacli composition. two flasks containing the same nisture were pre-
pared. A known quantity of adsorbent (abont 2ei was added 1o the weighed amoum
ol mixture (about dg) in one of the two fasks. The sysiem consisting of the mixture
andd the adsorbent was agitated for N hr. The temperatine was thermostatically con-
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nolied 16 29320.1 K. Afrer equilibration the supernatan solnnon was cemrifuged and
then analvzed by gas-hqnid chromatography. The initial imixtnres served for the detector
calibration.

['he specitic surface excess of the preferentially adsorbed component | is expressed
i the following form:

‘ [N )
ny=nolay =y j/im (1)

wiere 0" i< the total munber of moles of the hgnid mixtore components heing in contact
with m grams of the adsorbent. &f and 1y are the mole {ractions of the hrst component
e the imtial and equilibrinm mixiures. respectively

2. RESULTS AND DISCUSSION

Figure 1 shows adsorptian/desorption isotherms of henzene vapours for the investi-
gated carbon samples

8
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Figrive [ The acsorpnion vopen potntst and desorption thilled pointsoisotherms of ben-

sene vapour ol aciive carbons: - NC2 - HT L3 - Oy at 2931,
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On the basis of the adsorption data presented in Fig. | (he surface arveas of mesopores
were calculated using Kisielev's method [5]. Moreover. tlie volumes of micropores 1,
and mesopores 1}, were calculated according 1o Dulinin approach [G]. Appropriate
mimerical values of these parameters are collected in Talile |, As it is seen the oxidation
process as well as heat treatment influence slightly the texiural properties of the carbon
samples.

Table |
Parameters characterizing the porous structure of the ictive carbons investigated

Carbon Vi [em®/g] Ve fom /) S (Mg
HT 0.476 0.131 62
N 0.495 0.148 2
Ox 0.471 0.121 57

For the three carbon samples the content of oxyeen surface functional groups of
an acidic character was determined by the method of nentralization of hases of various
strenghts [71. The content of the basic functional grouj: was determined by the method
of neutralization of diluted HCI {8]. The concentrations ol the surface [unctional groups
for the investigated carbons are collected in Table 2. As vxpected the highest content of
oxvgen functional groups occurs in the case of sample ()« Additionaly. the content of
different surface species for carbons Ox. HT and N follow g their contact with methanol
and acerone at the conditions similar to liquid adsorption experiment were determined
isec Table 27 No significant changes in the number of 1he oxveen groups on the adsor-
hent surface afier wetting with polar solvent are observed. Hence. one can assume that
adsorption front the liquid phase is of exclusively physical character.

Table 2

Surface species on the surface of the active carbons

(onmenet of the surface funa 1onal groups |11]1]|Q]-g_’ |

(‘arbon .
-CCOOH 00 O11 =0 basic
HT 0.01 0.04 010 (.07 0.32
HT (methanol) 0.01 0.0u (Y 0.07 0.44
HT (acetone) 0.01 0.10 RIS 0.06 047
\ 0.19 0.15 T ) 0.8 0.20
N\ (methanol) 0.19 0.8 TN 0.17 0.20
\ (acetone) 0.19 0.1 0.15 0.8 0.20
~Ox 0.63 0.28 011 0A4du 0.09
Ox (methanol! 0.60 0.26 (5t v 0.54 0.10

Ox (acetone! 0.62 0.27 035 0.54 0.10
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Figure 2 shiows the excess adsorption isotherms of bhenzene, 1) = fi) [rom binary
AR ]

houid mixtures for carbon samples HT. N and Ox. respectively.
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Frenre 20 Specific surface excess isotherns of henzene lrom hinary nnsinres: (a - benzene
= methanol. (hi - henzene — acctone. (c1 - henzene = n-heprane on carbon I (1o
rovw &N tmiddle row  and Ox (hotion, row at 293K

Comparing the adsorption isotherms i Figure 20 one can state that the chemical
composition of the carbon surface strongly influences the exvent of henzene adsorption
from the iquid phase comaming a second polar component. hithe case of sample Ox. the
eveess adsorption isothernis of benzene from methanol and acctone mistares show the
presence of azeotropic point at which the composition of the hulk and surface phase are
identical. For the henzene concentration in the bulk phase o 0.7 1< excess adsorption
hecomes negative, It confirms the presence of the polar finetional aroups on the carbon

Ox sirface which imeract preferentiallv witlh methanol and acetone molecules. The
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adsorption of benzene from n-heptane solution - on carbon Ox is higher in comparison
1o carbons HT and N. Preferential adsorption of benzene in the whole concentration
range for these samples may be explained by jelatively strong interactions of aromatic
ring with oxyvgen functional groups.

The surface layver capacities 7° for the investigated syvstems were determined using
the isotherm equation deseribing the adsorption process [rom binary mixtures on energe-
ticallv heterogeneons solid surfaces The following linear form of this sotherm equation
was laken into account [9]:

3

i 1/2 ‘
— Ini 77—1 + Ar,)] =K b= BY o

=

where: 2 = /a0, B is a heterogeneity parameior dererinining the shape of the energy
distribution function. k is a constant associated witl, the characterisiic difference of 1he
adsorption energies of both components of liguid nixtue

The parameters of eqn.(2) were obtained by fitting the straight Tine 1o the expe-
rimental points. The results of calculations (paramerers 1 and k1 are summarized in
Table 3.

Table 3

Parameters of eq.(21 for the samples investigated

Mixture Carbon n* pamole™!] k
HT Il AN
Benzene+ methanol N\ BN 13
Ox KRN REIE
HT 0T 46
Benzene+ acetone N 32 2]
Ox 24 2370
HT X an
Benzene— -n-heptane N pLis | i
Ox 3.0 12

Faking imo acconnut the n* values from Table 3 the mdividaal adsorption isotherms
for binary liquid mixtures n* = fir, ) were calenlated. Real mnmbers of moles of -l
component in the surface phase. n® were calenlated accordimg 1o the relation:

Figure 3 shows for illustrative purposes the mdividual adsorprion isotherms tor henzene
— methanol and benzene - n-heptane mixtures on carbow sanmples Ox and HT.

The shape of these isotherms confirms dual character of the carbon Ox surface. Tn
the case of henzene + methanol mixtures botl components are present in the surface
phase over the whole concentration range. In the case of benzene + n-heptane svsien
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above oy = 0.5 the surface phase contains practically henzene molecnles only.
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Figure 3. n* as a function of ry: (a) - carbon Ox. (1) - carbon H'T. Broken lines - benzene
(11 + methano! (2). solid lines - benzene (1) + n-leptane (2.

3. CONCLUSION

As a conclusion. one can sayv. that temperature and chemical treatment of active
carhon changes its adsorption properties and consequently the selectivity of adsorption
from the liguid phase. The investigation of adsorption of appropriate selected compo-
nents give valuable information about the surface properties of carbon adsorbents.
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