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Abstract—Adsorption isotherms of dichloromethane and 1,1,2-trichloro-1,2,2-trifluoroethane on an activated carbon
pellet, Norit B4, were studied. For these chemicals, the Sips equation gave the best fit for the single component adsorp-
tion isotherm. The adsorption affinity on activated carbon was greater for dichloromethane than that of 1,1,2-trichloro-
1,2,2-trifluoroethane. An experimental and theoretical study was made for the adsorption of dichloromethane and 1,1,2-
trichloro-1,2,2-trifluoroethane in a fixed bed. Experimental results were used to examine the effect of operation var-
iables, such as feed concentration, flow rate and bed height. Intraparticle diffusion was able to be explained by a surface
diffusion mechanism. An adsorption model based on the linear driving force approximation (LDFA) was found to be
applicable to fit the experimental data.
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INTRODUCTION ethane (CFC-113) and dichloromethane (DCM) was studied theo-
retically and experimentally.

In recent years, the adsorption process of removing and recover-
ing organic solvents in trace levels from air has attracted special MATHEMATICAL MODEL
interest as a means of protecting the environment from air pollu-
tion. Volatile organic compounds (VOCs) are a family of carbon- A mathematical model was developed that takes into account
containing compounds which are emitted or evaporated into thehe non-ideality of adsorbable species in the adsorbed phase under
atmosphere where they participate in photochemical reactions [Jargguilibrium. Applying the typical assumptions [Hwang, 1994] and
et al., 1998]. Some VOCs are toxic and carcinogenic. Most VOCs, tdaking the mass balance of the gas phase in a packed bed, the fol-
varying degrees, contribute to the formation of ground level ozonelowing governing equation for isothermal adsorption is obtained:
The VOCs which may cause stratospheric ozone depletion are most- )
I hlorine-containing group of compounds known as chloro- 95 =D 9% —v(E S
yac g group poun ot oz Yoz € Prat
flourocarbons or CFCs. They release chlorine and other halogens
into the stratosphere gradually [Wolf, 1992; Cicerone et al., 1974; In Eq. (1), the gas-solid mass transfer rate can be expressed as
Cho and Choi, 1996]. These compounds are particularly effectivehe following linear driving force (LDF) model for surface diffu-
in destroying the ozone even when present in small quantities. VOCsion [Tien, 1994; Lee and Moon, 2001]:
are used as solvents in manufacturing of countless products. Some
prominent examples of these products include crystallized organic a—? =kJ(q —q) =%(c, =c) 2)
chemicals, printed materials, paints and coatings and dry-cleaning e
agents in magnetic tape and semiconductor manufacturing faciliwhere
ties. One consequence of these manufacturing operations is that large
amounts of organics are being emitted to the atmosphere. VOCs k==~ (3)
have been implicated as a major contribution to photochemical smog, o
which can cause haze, damage plant and animal life, and lead to As denoted by Egs. (2) and (3), the LDF model is an approxi-
eye irritation and respiratory problems [Ogura et al., 1992]. Severamation to the solution of Fickian diffusion inside a spherical parti-
technologies can be used for recovering VOCs from gaseous wastade. The expression assumes that the mass transfer rate of adsorp-
but one of the most important and effective methods for control-tion is proportional to the difference between the equilibrium con-
ling the emission of VOCs is the adsorption process. Temperatureentration and the bulk concentration of the component. Since the
swing adsorption using an activated carbon bed is probably the mosblution of the LDF model is much simpler than the solution of a
common adsorption cyclic process for the separation of stronglydiffusion model, we employed this model in the present study. By
adsorbed species. It has been widely used in industries for removaitroducing appropriate dimensionless variables, Eq. (1) can be writ-
and recovery of hydrocarbon and solvent vapors [Chihara et alten as follows:
2000]. In this work, the removal of 1,1,2-trichloro-1,2,2-trifluoro-
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The associated initial conditions for 0<z<L is @
(i(z, 0)=0 (6)
and the boundary conditions at z=0 and z=L for t>0 are: —O@
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As previous researchers [Moon and Tien, 1987; Tien, 1994; Wan
and Tien, 1982] pointed out in their work on fixed-bed adsorption,

if the intraparticle diffusion is described by a homogeneous diffu-

<t |
®=h_

sion model or a lumped parameter model (such as the LDF model
one needs to calculate the concentrations in both phases at the sa
time. From Eq. (2), the following dynamic condition could be ob-

Fig. 1. Flow diagram of adsorption system.

tained: @D Flow meter (6 Heating band
¢ +Aq =B, 9 @ Pressure bottle @ 3 Way valve
a ©) (@ Water bath G.C.
where @ Column @ PcC.
(® Thermo couple N,
A =1aPoks 5ng B =c tAq (20

3k
(Jeio Tech.) was attached to the pressure bottle in order to keep the

EXPERIMENTAL temperature censtant. The concentrations of solvente were det.er-
mined from their saturated vapor pressures by assuming vapor-lig-

The adsorption system in this study consisted of the activatedid equilibrium state. In order to increase Fhe mixing efficiency of
carbon (Norit B4, pellet type), and CFC-113 and DCM. The phys_solven.ts, 6 mm glass beads were packed in the pressure boFtIe. The
ical properties of the activated carbon and bed characteristics af?S Mixture of the saturated solvent vapor and the pure nitrogen

given in Tables 1 and 2, respectively. A schematic diagram of thé@S Was delivered to the adsorption section. The gas flow to the col-

fixed bed experimental setup is presented in Fig. 1. The apparat}g™" was controlled by a flow meter that was precalibrated under

was constructed with stainless steel tubes. The adsorption colunii® €xPerimental pressure conditions. The gas mixture was heated
line is 0.42 cm ID and all other lines are 1/4" ID. Pure nitrogen ga§° the experimental temperature in the preheating coil section before

was sent to the solvent saturator. A constant temperature circulatQend charged to the fixed bed adsorber. The adsorber was made
of a stainless steel tube in 1.03 cm ID. A K-type thermocouple was

installed at inlet section of the packed column, and the temperature

Table 1. Physical properties of activated carbon . ; .
of the system was monitored continuously on a display recorder.

Activated carbon The composition of the exit gas stream from the adsorption section
Supplier Norit (B4) was measured in the analyzer section. For this purpose, a gas chro-
Pellet diameter (mm) 3.9 matograph, GC-14B model (Shimadzu), equipped with a hydrogen
Pellet length (mm) 6.7 flame ionization detector was used.
BET surface area (ig)* 826
Micropore fraction (<1 nm)** 45.16% RESULTS AND DISCUSSION
Porosity 0.42

1. Adsorption Equilibrium

The gravimetric method is a well established technique for ob-
taining adsorption equilibria of pure gases and vapors. 0.1 g of ac-
tivated carbon in the quartz basket is ventilated to remove impuri-

* from manufacture
** from nitrogen adsorption at 77 K

Table 2. Experimental conditions for a fixed bed adsorption ties within the activated carbon at 503 K for approximately 4 hr by
Variables Unit Range using a vacuum pump. Adsorption amounts are measured at differ-
Bed length m 0.15-0.25 ent temperatures of' 303 K,'318 K, and 333 K. The adsorbent used

) for this experiment is Norbit B4 and the adsorbates are CFC-113
Flow rate m/s 0.369x1860.890x10 . ) ) .
. and DCM. The adsorption data were obtained by using a high-pres-
Bed porosity - 0.12 . .
) : sure microbalance. Isotherms of CFC-113 and DCM on the acti-
Packing density kg/tn 693.5 . o
vated carbon at three different temperatures are shown in Figs. 2
Bath temperature K 298.15-308.15

and 3, respectively. The isotherms of CFC-113 and DCM were fa-
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Adsorption equilibrium curves of CLFCCCIF, on Norit B4
for different temperatures.
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Fig. 3. Adsorption equilibrium curves of CH,CI, on Norit B4 for

different temperatures.

vorable types. Single-species isotherm data were correlated by t
well-known Langmuir, Freundlich and Sips equations. The param-
eters of each isotherm were obtained by the least square fitting wit
experimental data. These parameters and the average percent (
ferences between the measured and calculated values are given
Tables 3 and 4, respectively. Among these isotherms, the Sips equ
tion with three parameters is more appropriate in predicting our dat
compared to the Langmuir or Freundlich isotherms with two para-
meters. Isotherms provide information on the affinity of the adsor-

Table 3. Adsorption equilibrium isotherm parameters of CLFC-
CCI,F on activated carbon

Langmuir Freundlich Sips

Temp. [K]
I b k n (o} b n
303 348 576 264 518 360 879 1.13
Error (%) 3.4 17.9 3.8
318 3.12 259 204 542 333 175 1.09
Error (%) 3.8 4.3 3.2
333 269 189 151 438 26 217 1.01
Error (%) 3.3 4.55 25
Table 4. Adsorption equilibrium isotherm parameters of CHCI,
on activated carbon

Langmuir Freundlich Sips
Temp. [K]

qm b k n qn b n
303 591 215 325 383 644 151 1.03
Error (%) 59 11.7 35
318 583 0.78 276 396 596 0.73 1.01
Error (%) 1.8 2.8 14
333 503 051 196 316 560 0.39 1.04
Error (%) 5.1 4.1 3.4
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this pressure range, the affinity of the adsorbate toward the adsor-
bent is characterized by a Henry’s constant. The heats of adsorption
can be calculated from the Van't Hoff equation, which is defined as:

InEP_lD :—Ais‘ 1 —lD
R O, 1,0

.t

1)

In the Henry law region (SK,P), Eq. (11) can be replaced by

Eq. (12).
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CLFCCCIF,
CH,CI,

3.0

bent toward the adsorbate as well as the heat of adsorption. The au-
sorption amounts increase linearly up to a pressure of 0.5kPa. IRig. 4. Temperature dependence of Henry's constant.
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It can be seen from Fig. 4 that the Henry's constant for DCM is great 1.0}
er than that of CFC-113, and DCM is more strongly adsorbed or
the activated carbon than CFC-113. The heats of adsorption are ¢
most comparable, although that for DCM (5.9 kcal/mol) is slightly 08
greater than that for CFC-113 (5.0 kcal/mol).
2. Bed Adsorption

A column adsorber has been used as commercial equipment fc
separation by adsorption since it gives a sharp breakthrough due
the difference in affinity between gases and particles [Park et al. 04l
2001; Hu et al., 2001; Na et al., 2001]. The breakthrough curves

061

C/Co

A CL,FCCCIF, |

all species, in general, depend on adsorption equilibrium, intraparticl e CHLIL

mass transfer, and hydrodynamic conditions in the column. There 02}t Predicted

fore, it is reasonable to consider adsorption equilibrium and mas

transfer simultaneously in simulating the adsorption behavior in

the fixed bed adsorber. The operational factors such as input cor 9% ¢ *4 7 * e 20
centration, flow rate and L/D ratio are important in an adsorber de Time (hr)

signing and optimization. In this work, breakthrough curves were _
obtained under various experimental conditions mentioned abovef19- 6. Comparison of breakthrough curves of GFCCCIF, and
The experimental conditions are summarized in Table 2. Fig. 5shows ~ CH2Clz adsorption on Norit B4 (25°C, L: 0.15m, v: 0.369x

2
the effect of flm mass transfer coefficient,dn the breakthrough 107 mrs).
curve of CFC-113. As the value of the mass transfer coefficient in-
creases, the breakthrough curve becomes sharper and the brei 12 ' ' i
through behavior is very sensitive tovklue. This implies that the
adsorption equilibrium controls the breakthrough as the mass tran: 1ol

fer resistance dwindles, for CFC-113 is approximately 2@n/s.

The breakthrough curves of CFC-113 and DCM at the same cor
ditions are shown in Fig. 6. The breakthrough time of CFC-113 is 08}
shorter than DCM because the affinity of CFC-113 is smaller thar
that for DCM. This figure also shows that the predicted breakthrougt

[=]

curves by the LDFA model incorporated with the Sips equation are 8 06|
fitted well with the fixed bed data for single component systems.
Fig. 7 shows the effect of bed height on the CFC-113 adsorptior osl ; IL‘ 8;32

’ A L:025m

Predicted
12 : : .
02}
00 —0—oc-e '
0.0 05 1.0 15 20

Time (hr)

Fig. 7. Experimental and predicted breakthrough curves of Gt
FCCCIF, adsorption for different bed heights (25C, v:
] 0.369x10° m/s).

C/Co

The breakthrough curves for different bed heights are similar in shape.
Since the breakthrough curve retains a constant pattern, it may be
interpreted that the adsorption zone has a constant length.

The effect of flow rate on adsorption was studied and the results
are shown in Fig. 8. This figure shows that the breakthrough time
decreased with increasing flow rate, and the breakthrough curves
are slightly steeper for higher flow rates. These trends are consis-
Time (hr) tent with general behavior of a fixed bed adsorber. Since the in-

Fig. 5. Effect of k on single-specie breakthrough curves of gl traparticle diffusivity is usually independent of flow rate, this behav-
FCCCIF,. ior is due to the external film mass transfer resistance. This resis-

20
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12 . . . R. are Schmidt and Reynolds numbers, respectively. Molecular dif-
fusion coefficients, [3 for CFC-113 and DCM are obtained by Fuller
et al. [1969]. Under the experimental conditions of this study, the

tor estimated values of axial dispersion coefficient and external film
mass transfer coefficient, and molecular diffusion in the fixed bed
08k are listed in Table 5.
Fig. 9 shows the effect of the flow rate on the adsorption of DCM
in the fixed bed. As shown in this figure, the effluent concentration
06t increases with the flow rate. This is due to the fact that at a higher

C/Co

flow rate, the contact time between the adsorbent and the gas phase
in the bed is shorter. Fig. 10 illustrates the effect of inlet concentration

047 A v o 0.369x107 mis
O v :0616x107 m/s
® v : 0.890x107m/s 12 ' ' ' ' '
027 Predicted
1.0 t
0.0 . '
0.0 0.5 1.0 1.5 2.0
Time (hr) 08}
Fig. 8. Experimental and predicted breakthrough curves of Gt *
FCCCIF, adsorption for different flow rates (25°C, L: 0.2 S sl
m). S
[ ]
tance decreased with the flow rate, so that the length of the ma:s 04l W v 0.369x10°mls
. . -2,
transfer zone is reduced, and a sharper breakthrough curve is ge O v: 0.616x107°m/s
. . -2
erated. In modeling for a packed bed adsorber, the main param ¢ v 0.890x107m/s
ters concerning the transport of adsorbates are the axial dispersic 02} predicted
coefficient and the external film mass transfer coefficient [Row and o L]
Choi, 1990; Markovska et al., 2001]. Usually, the axial dispersion
coefficient comes from the contribution of molecular diffusion and 00 y l ' l
6.0 0.5 1.0 15 20 2.5 3.0
turbulent mixing arising from the spitting and recombination of flows Time (hr)

around the adsorbent particle. In this study, the axial dispersion co-

efficient, O, was calculated from the following correlation given Fig- 9- Experimental and predicted breakthrou%h curves of CHCl,
by Edwards and Richardson [1968]. adsorption for different flow rates (25°C, L: 0.2 m).

i - M€ + 1 1.2 T T T T T
Pe Re Sc Br.&s (13)
Pe|1+12
[ Re SJ
: . 10
The constant values for this calculation are
r,=0.73,=13.0, Pe=2.0
08|
The film mass transfer coefficient, k a fixed bed adsober is ob- °
tained by Wakao and Funazkri [1978]: o
Q 06}
sh=2RP 5 0+1 15¢°RE* (14) o
. e [ ®  Co:11.51 mol/m’
04}
where, [}, is molecular diffusivity, Sis Sherwood number, 8nd 0 Co: 1436 mol/m®
® Co:17.93 mol/m’
Table 5. Mass transfer parameters for a fixed bed model simu- 02| predicted
lation ’
Parameters Symbols oy = ook cHCl, , , .
(unit) %o 05 1.0 15 20 25 3.0
Axial dispersion coefficient D(m¥s) 4.20x10° 4.43x10° Time (hr)
Film mass transfer coefficient, tm/s)  1.56x10 2.10x10° _ ) _
Surface diffusivity D(n?/s) 1.10x10° 1.50x10° Fig. 10. Experlmen'_[al and p_red|cted_ breakthrough curves of Ci
Molecular diffusivit 17/S) 1.15x1G 1.56x10° Cl, adsorption for different inlet concentrations (L: 0.15
olecular diffusivity D, (ms) 1. . m, v: 0.369x10° m/s).

Korean J. Chem. Eng.(Vol. 19, No. 1)
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: dimensionless axial distance
: time [hr]

: temperature [K]

: superficial velocity [m/s]

: axial distance coordinate [m]

on experimental breakthrough curves for DCM. The breakthroughS

time decreases with the increase of inlet concentration. The resuit

can be explained by the concept of the mass transfer zone (MTZ)

velocity [Ruthven, 1984]. The velocity of MTZ is a function of in- v

terstitial velocity, particle density, bed porosity, and the slope of thez

equilibrium isotherm. For a linear isotherm adsorption system, the
velocity of MTZ is constant. Therefore the breakthrough time is Greek Letters

not affected by inlet concentrations at constant MTZ velocity. How-a;  : dimensionless variable [-]

ever, the adsorption isotherm of CFC-113 on activated carbon i  : dimensionless [-]

favorable as shown in Fig. 2. As the inlet concentration increases; : bed void fraction [-]

the value of slope of the equilibrium isotherm decreases and thé : dimensionless concentration [-]

MTZ velocity increases. Therefore, the breakthrough time becomep, : particle density [kg/ri)

shorter under this circumstance. T : dimensionless time []
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