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Abstract The adsorption equilibrium and dynamics
of acrylonitrile (ACN), methyl acrylate (MA) and the
ACN-MA mixture on activated carbon were investi-
gated in a packed bed column at 40°C. The study indi-
cated that the adsorption isotherms of the pure compo-
nents belong to the classical Langmuir type; in the case
of the binary mixture adsorption, the Ideal Adsorption
Solution Theory (IAST) could predict better than the
Extended Langmuir (E-L) equation in particular for
the MA component. The mass balance equations were
established to describe the adsorption dynamic behav-
iors of the gas phase in the packed bed column, and the
linear driving force (LDF) approximation was adopted
to estimate the absorbate adsorption kinetics onto the
adsorbent. The coupled partial differential equations
of the model were numerically solved by the orthog-
onal collocation (OC) method. The correlated results
showed that the model could give an acceptable de-
scription of the breakthough curves of the pure ACN
and MA in the packed bed column. The prediction of
the breakthough curves for the binary CAN-MA sys-
tem at different inlet concentrations was also imple-
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mented, indicating a good agreement with the experi-
mental data.
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1 Introduction

In manufacturing acrylic fibers, volatile organic com-
pounds (VOCs) mainly including acrylonitrile (ACN)
and methyl acrylate (MA) are produced. ACN, a highly
toxic VOC and carcinogen with boiling point 77.3°C,
makes people feel sick, vomit when they inhale even
very small quantity. MA with boiling point 80.3°C may
hurt human’s lung, liver or kidney through skin contact
for a long time. Therefore the exhaust of those VOCs
should be strictly controlled; for example, the limita-
tion of the ACN emission in a waste gas according
to the national standard (GB16297, 1996) is less than
26 mg/m’.

VOCs can be treated with many methods (Moretti
and Mukhopadhyay, 1993); they can be classified as
the following two types: one is the destroying ap-
proach (such as burning or biological method) to trans-
form the VOCs into nontoxic substances; the other
includes adsorption, sorption, membrane separation,
etc. to recover the VOCs from waste gases. In the
latter one the adsorption method has been widely
studied, where active carbon is commonly used as the
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adsorbent in the process due to its high specific sur-
face, adsorption capacity, easy recovery and abundant
resources.

Adsorption equilibrium data and adsorption dy-
namics are the fundamental knowledge of the ad-
sorption technology and equipment design. This work
studies experimentally and theoretically the adsorp-
tion behaviors (adsorption equilibrium and adsorption
dynamics) of the pure ACN, the pure MA and the
ACN-MA mixture onto active carbon in a packed bed
column.

2 Experimental

To measure the equilibrium data of a gas/vapor onto an
absorbent, two methods are commonly used: the static
method and the dynamic method (Yun et al., 1999). The
later one measures the adsorbate concentration in the
exit gas of an adsorption column, and the equilibrium
data and dynamic data can be obtained simultaneously;
using gravimetric analysis of the adsorbent, it can also
provide the equilibrium data of pure substances; and
furthermore this method ensures a quick equilibrium
between the adsorbent (solid) phase and the gas phase.
In this work we adopted the dynamic method with a
packed bed column.

2.1 Materials

The granular active carbon provided by Shanghai Ac-
tive Carbon Factory has the properties listed in Table 1.
It was pretreated under 160°C more than 2 h before use.
Acrylonitrile and methyl acrylate were purchased from
N, bottle; (2) valve; (3)

drier; (4) flow meter; (5)

liquid vessel; (6) gas =
mixture vessel; (7)
thermostat; (8) adsorption
column

Fig. 1 Schematic
experimental equipment. (1)
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Table 1 Properties of active carbon

Properties Values
Average diameter (mm) 1.5
Particle density (kg/m?) 750
Bulk density (kg/m?) 550
Particle porosity 0.40
Bed void fraction 0.27

Shanghai Chemical Reagent Company with AP grade
without further purification.

2.2 Apparatus and method

The experimental apparatus is composed of two units
as shown in Fig. 1: gas preparation and adsorption.

In the gas preparation unit, the pure and dried car-
rier gas Ny is divided into two branches: one bubbles
through the desired solution in the liquid vessel (ACN
or MA or their mixture) at ambient temperature, and
then the volatile absorbates are transferred from the ma-
trix into the gas phase; the other directly goes into the
mixture vessel to form the desired concentration of the
feed gas. The adsorption unit consists of a thermostat
and an adsorption column (@15(ID) x 200 mm) with
a jacket for controlling temperature (with uncertainty
of £0.1°C) by circulating heated water. The inlet gas
from the mixture vessel is preheated and mixed in a
coil tube installed before the adsorption column. The
concentration of the exit absorbate from the adsorption
column was measured by a gas chromatography (GC-
14B) using the flame ionization detector (FID). The GC
column is a stainless steel tube (@3 x 2000 mm) packed
with GDX-103 (60-80 mesh), the hydrogen flow rate
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is 50 mL/min, 5 mL sample is used, the GC column
temperature is 210°C, the injection port temperature is
250°C and the detector temperature is 200°C. Through-
out the experiment, it was maintained at atmospheric
pressure.

The concentration of absorbate (ACN or MA) in
the exit gas of the adsorption column was analyzed
by comparing measured peak areas to the standard
curves. To obtain the standard curves, ACN was dis-
solved into CCly to prepare solutions with five differ-
ent concentrations to obtain different peak areas by the
GC analysis. The same procedure was implemented
for MA which was dissolved into CS, for preparing
the standard solutions.

For the pure compounds, the change of the mass
of absorbent before and after adsorption can directly
provide the adsorption equilibrium data. For the binary
system, the breakthrough curves ought to be used to
obtain the adsorption equilibrium data for each com-
ponent. In the adsorption process, the flow rate of car-
rier gas N; and the operation temperature are constants;
therefore the following formula is used for calculating
the equilibrium data through the breakthrough curves:

M,'F ts 6
Ge; = Ciots — Cidt ) x 10 (D)
w 0

where g.; is the mass of species i adsorbed in the adsor-
bent, F'is the volume flow rate of gas phase (32 L/min),
w is the mass of the loaded adsorbent (about 25 g ac-
tive carbon) in the column, Cj; is the inlet concentration
of compound i, f; is the saturation time of the adsor-
bent, C; is the exit concentration of compound iat time
t, M; is the molecular weight of compound i. To ob-
tain g,; accurately and conveniently, a program was
coded with the Spline interpolation algorithm utilizing
the scattered experimental data to solve the integral of
Eq. (1). The accordance between the gravimetric results
and the results from Eq. (1) is acceptable for the pure
ACN and the pure MA (with a maximum difference
about 5 mg/g).

3 Adsorption equilibrium
3.1 Adsorption equilibrium data

The measured adsorption equilibrium data of the pure
ACN and MA obtained from Eq. (1) at 40°C are shown
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Fig. 2 Correlated and experimental adsorption isotherms of
ACN and MA at 40°C. Points: experimental; lines: correlated
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Fig. 3 Predicted and experimental adsorption isotherms of the
binary ACN-MA mixture at 40°C. Points: experimental; lines:
predicted

in Fig. 2. It indicates that the active carbon used in this
study has a higher adsorption capacity for MA than that
for ACN. The binary equilibrium data obtained from
Eq. (1) with the binary breakthrough data were shown
in Fig. 3.

3.2 Correlation and prediction of the adsorption
isotherms

The adsorption of organic vapors onto active carbon
usually belongs to the type I isotherm, which can be
described by the classic Langmuir equation

maxiKi i .
goi = T 2Py o @
1+ K;p;
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Table 2 Langmuir adsorption constants at 40°C

Compounds  gmax ;i (g/2)  Ki (1/KPa)  K; (m’/kg)
ACN 0.2218 0.3399 16. 68
MA 0.3271 0.8783 26.56

where, gmax; represents the maximum adsorption ca-
pacity, K; is the Langmuir constant, p; is the vapor
fraction pressure of species i in the gas mixture. Sub-
script i = 1 denotes ACN and i = 2 represents MA.
Using Eq. (2), the experimental adsorption isotherms
of ACN and MA were correlated and indicated in Fig. 2.
The correlation shows the Langmuir equation is obvi-
ously suitable for the studied systems; the correlated
Langmuir constants are illustrated in Table 2, in which
two sets of K; were presented in order to conveniently
apply them to different cases. K; in m3/kg will be used
in dynamic modeling (Egs. (17) and (18)) in the case
of the Langmuir equation; and K; in (1/kPa) will be
applied to Egs. (A2), (A4) and (19) in the case of the
IAST equations.

For the binary ACN-MA system, the adsorption
isotherms can be predicted with above correlation in-
formation of the pure compounds. The extended Lang-
muir (E-L) equation is widely used due to its simplicity,
and can be expressed as

Gei Kipi
Gdmax i 1+K1P1+K2P2

i=1,2 3)

where we can directly use the Langmuir constants listed
inTable 2. The predicted results are shown in Fig. 3 with
the abscissa x; (i = 1) being the ACN molar fraction
in the inlet gas mixture of the adsorption column in
the absence of the carrier gas N, and has the following
relationship with p;

~ Go  pi
Co+Cxw p1+p

i=1,2 4)

Xi

The experimental points at x; = 1 and x; = 0 in Fig. 3
were interpolated from the data shown in Fig. 2 for the
pure compounds.

We also tested the Ideal Adsorption Solution The-
ory (IAST) (Myers and Prausnitz, 1965) to predict the
binary adsorption equilibrium. As shown in Fig. 3, the
IAST predicts much better for the MA component than
the E-L equation does; on the contrary, the E-L equation
predicts slightly better than the IAST does for ACN.
The corresponding IAST formulae are presented in the
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Appendix. Figure 3 also shows the comparison of the
experimental and the predicted adsorption isotherms of
the ACN-MA mixture, it indicates that the IAST gives
a better prediction.

4 Adsorption dynamics
4.1 Model

As mentioned, using the dynamic method we can ob-
tain simultaneously the adsorption equilibrium data and
the adsorption dynamic data from the packed bed col-
umn as shown in Figs. 4-6. Modeling those break-
through curves is important for designing an adsorp-
tion column. For the adsorption process studied here,
the energy and moment balance calculations are not
required; we need only the mass balance equation, in
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Fig. 4 Breakthrough curves of ACN at different inlet concen-
trations. Points: experimental; lines: correlated
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Fig. 5 Breakthrough curves of MA at different inlet concentra-
tions. Points: experimental; lines: correlated
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Fig. 6 Breakthrough curves of the ACN-MA system at different inlet concentrations. Inlet molar fraction of ACN (x;): (a) 0.72;

(b) 0.56; (c) 0.41; (d) 0.28. Points: experimental; lines: predicted

which the information of adsorption equilibrium and
mass transfer between the gas phase and the solid phase
is necessary.

In order to simplify the modeling, following
reasonable assumptions are made: (1) ACN or MA
or their mixture is dilute in the carrier gas; (2) active
carbon particles are spherical, and the equilibrium is
achieved on their outer surface; (3) the gas phase is
continuous; (4) the axial diffusion is neglected for a
small column. Therefore, with above simplifications
we have the mass balance equation for component i in
a packed bed column

BC[ 36‘,‘ 1—¢ B 8%
oz ot ep T

=0 (5)

where ¢; is the absorbate concentration in the gas phase
at position z of the adsorption column and at time ¢, v

is the interstitial velocity of the gas, ¢ is the bed void
fraction, pp is the bulk density of active carbon, and g;
a volume-average concentration in the solid phase can
be expressed as

_ 3 (r

%= 23 A gir~dr (6)
where, R is the average radius of the active carbon
particles, g; is the absorbate concentration in the solid
phase at ¢t and r (radial position along the core of the
active carbon particle).

The boundary and initial conditions of Eq. (5) are

c;(0,1) = Cyp, [%] =0 @)
9z z=L
¢ci(Z,0)=0, ¢;(Z,r,00=0 ()
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where Cj is the inlet absorbate concentration at z = 0
in the gas phase (the same as that in Eq. (1)), L is
the length of the adsorption column. In Eq. (5), we
need to express the mass transfer equation between the
continuous gas phase and the adsorbent solid phase.
Although many studies were reported on this issue
(Mendes et al., 1995; Do and Mayfield, 1987; Lai and
Tan, 1991; Buaznowski and Yang, 1989), the linear
driving force (LDF) approximation still has its poten-
tial utilization due to its simplicity. The LDF for a com-
pound ican be expressed as

9q; _
— = kiai(gei — G 9
o ai(qei — qi) &)

with the initial condition
qi(0)=0 (10)

where k;a; is the area-mass transfer coefficient of com-
ponent i on the solid particle surface. It is Eq. (9)
that connects to the adsorption equilibrium data.
For the pure compounds, the Langmuir equation is
used and the area-mass transfer coefficient at differ-
ent conditions is correlated with experimental break-
through curves. For the binary system, both the E-L
equation and the IAST equations can be applied to
the predictions with the information from the pure
compounds.

4.2 Numerical solutions

Many numerical methods can be employed to solve
above partial differential equations (PDE) for instance,
method of line (MOL) and finite difference method.
Here we used the orthogonal collocation (OC) method
(Villadsen and Stewart, 1967) because it has some
advantages over other methods, such as not many
collocation points, and simple preparation before cal-
culation. Using the OC method, we need to define fol-
lowing non-dimensional variables to simplify above
model equations:

A A v
Xi=2 vi=-2 z=2 T=>.
Cin qmax i L L
8 = M, o = € . 6= ]ﬂ,
aC;, 1—¢ v
K. = K;C; (11)
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In Eq. (11) some variable units should be emphasized:
¢; and pp are in kg/m3 (in the calculation, c;o should
be changed from the original zmol/L to kg/m? at 40°C
using the ideal gas equation of state); L and z are in
m, v in m/min obtained from the flow rate F and the
adsorption column diameter. So, k;a; is in 1/min and
K; is in m3/kg as listed in Table 2. To avoid any misun-
derstanding, we also note that C; = ¢; (z = L, t) which
is needed in a breakthrough curve. Therefore, Egs. (5),
(7) and (8-10) are transformed respectively to

X, 09X, Y,
+ R

— Si— =0 i=12 12

az T ar TO%r ! (12)
aX;

X:(0, T)=1, [ ] =0 (13)
9Z 1721

X(Z,00=0, Yi(Z,00=0 (14)

aY; =0;(Y,;—Y;) i=12 (15)

aT = UiL,j i L =1,

Yi(0)=0 (16)

And the adsorption equilibrium equations expressed
with the Langmuir equation for the pure compounds
and for the binary system are respectively

K. X;

Y= —— 17
1+ K. X; (an

K. X;
Yoi = (13)
14+ Ko X1+ KaXo

When the IAST equations are used for the binary sys-
tem, it can be written as

Xiqy X < 1 )
Yei = = P
Gmax i dmaxi \ a1 + a2

)C,'(l + K,plo)
QmaxiKip?

i=1,2 (19)

a; =

All those new variables used in Eq. (19) are defined
in the Appendix, and K; ought to be in (1/kPa) in
Eq. (19).

Then Egs. (12) and (15) can be separated into dis-
crete equations by the OC method in the Z-direction;
the Legendre polynomials with 6 degrees (its 6 real
roots are the interior collocation points) were applied in
the OC method. Our modeling showed that the result
with 6 interior collocation points is very close to that
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with 8 interior collocation points; in this regard, the
calculations were carried out with 6 interior collocation
points for all cases in this work. With above transfor-
mation, Egs. (12) and (15) are now ordinary differential
equations with respect to Tand could be easily solved.

4.3 Correlations for the pure compounds

The correlation results for the pure ACN and MA are
shown in Figs. 4 and 5 separately. The figures indicate
the correlation is acceptable although the agreement is
not very good at higher inlet concentrations. This cor-
relation also showed that the breakthrough curves are
very sensitive to gmax i, much more sensitive than K;. A
slight change of gp,x; Will obviously vary the correlated
breakthrough curves. For example, when gy times
1.1 the breakthrough time at the inlet concentration
577 pumol/L for MA will shift from about 110 min to
more than 130 min, highly postponing the breakthrough
curves. Therefore an accurate measurement of the equi-
librium data, in particular the breakthrough time, is
crucial to give an accurate description of the adsorption
dynamics by modeling. We through the correlations ob-
tained the average k;a; = 0.0037 (1/min) for ACN and
kia; = 0.0027 (1/min) for MA. This area-mass trans-
fer coefficient plays an important role on the slopes of
the breakthrough curves, and we did not find evident
concentration dependence of this parameter; but from
those experimental points as shown in Figs. 4 and 5,
it may suggest that a higher inlet concentration corre-
sponds to a lower k;a; value.

4.4 Predictions for the binary system

The predicted results for the binary ACN-MA system
with the E-L equation or the IAST equations to
describe the adsorption dynamics are shown in Fig.
6. It is indicated the model with the TAST equations
can give a good description of the binary system’s
breakthrough curves and give a larger saturation time
for all the studied cases, indicating a slightly better
agreement with the experimental breakthrough curves
for the MA compound; but the IAST predicts a slightly
worse result of the maximum adsorption capacity of
ACN than the E-L equation. This is accordant to the
prediction of the adsorption isotherms, in which the
IAST gives relatively better adsorption isotherms of
MA while the E-L equation gives a relatively better
adsorption description of ACN.

5 Conclusions

This work studied experimentally and theoretically the
adsorption equilibrium and dynamics of CAN, MA,
and their mixture on active carbon in a packed bed
column. Through this investigation, we have following
conclusions:

(1) The active carbon used here has high adsorption
capacities for ACN and MA; the adsorbed capacity
reaches 221.8 mg/g and 327.1 mg/g at 40°C for
ACN and MA, respectively.

(2) The adsorption equilibrium isotherms of the pure
ACN and MA are typical Langmuir type, so the
Langmuir equation can be employed to the exper-
imental data correlations. The E-L equation and
the IAST equations can be used to predict the bi-
nary system’s adsorption isotherms; this prediction
shows that the IAST equations are better than the
E-L equation to describe the studied binary system
in particular for the MA component.

(3) The mass balance equation to model the break-
through curves of the studied system, resolved by
the orthogonal collocation (OC) method showed
that it could give prediction results in a good agree-
ment with the experimental data including both the
IAST and the E-L equation. The IAST predicts a
slightly better breakthrough data of the MA com-
pound, but a slightly worse result of the maximum
adsorption capacity of the ACN compound than the
E-L equation does.

Nomenclature

C;o 1inlet concentration of compound i, umol/L

C; outlet concentration of compound 7 at time 7,
umol/L

Ci absorbate concentration in gas phase at
position z and at time ¢, umol/L

F volume flow rate of gas phase, L/min

K;  Langmuir constants of species i, 1/KPa, or

m’/kg

k;a; area-mass transfer coefficient of component i,
1/min

L length of adsorption column, m

M;  molecular weight of compound i, g/mol
p;  vapor fraction pressure of species i, Kpa
q.;  mass of species i adsorbed, g/g
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gmax; Mmaximum adsorption capacity, g/g

q; volume-average concentration in solid
phase, g/g

qi absorbate concentration in solid phase at ¢
and r (radial position), g/g

R average radius of active carbon particles, m

tg saturation time, min

v interstitial velocity of carrier gas, m/s
mass of loaded adsorbent, g

£ bed void fraction

op bulk density of active carbon, m3/kg

Appendix: Calculation formulae of the IAST

The species adsorption at equilibrium can be calculated
as

Gei = Xsi q; (A1)

where x;; is the absorbate molar fraction in solid phase.
The total adsorption capacity g, is expressed

i _ xs1(1+K1p?) X‘Y2(1+K2pg)

= + (A2)
q: Qmalelp(l) Qmax2K2pg
with
PYei = X5ipy (i =1,2) (A3)
(1 + Klp(l))qmz\xl — (1 + szg)qmaxz (A4)
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where y,; is the molar fraction of componenti in gas
phase which is obtained from C; in the text, p? is de-
fined as the gas pressure when only component i is
present. (A3)—(A4) should be solved to obtain x,; and
p? in order to obtain g;.
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