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Abstract—Removal of a synthetic organic herbicide, metsulfuron-methyl (MSM), from aqueous solutions has been
studied in batch and stirred tank adsorbers charged with granular activated carbon particles. Two kinetic parameters,
film mass transfer and intraparticle diffusion coefficients, were estimated from concentration decay curves obtained
in the batch adsorber. Based on these kinetic parameters, the concentration profiles measured in the stirred tank ad-
sorber were simulated. From experimental and simulated results, it was proven that the film mass transfer at external
surfaces of carbon particles controls the overall mass transfer, particularly at low mixing (rotation of blades), during
the adsorption of MSM by granular activated carbon particles.
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INTRODUCTION able information that will be applied in analyzing and simulating
the adsorption dynamics of MSM in activated carbon adsorbers used
In recent years, developing and applying efficient and cost-efin removing synthetic organic compounds from water. First, iso-
fective technologies for treatment of waters contaminated with syntherm parameters of MSM on activated carbon were determined
thetic organic compounds (SOC) has become important. Synthetitom experimental equilibrium data that were measured under spe-
organic compounds are the products of a wide range of manufagific conditions such as concentration and temperature. Kinetic par-
turing processes, and some are classified as hazardous to aninaaheters, namely film mass transfer and intraparticle diffusion coef-
and human health. Occasionally, these compounds find their waficients, were also estimated by matching concentration decay curves
into natural water sources by means of accidental spills, dumpingwith corresponding model predictions. A reliable adsorption model
or leaching to groundwater aquifers. Many organic compounds prewill be used to simulate the adsorption dynamics of MSM in a stir-
sent in drinking water are of major concern because they are paed tank adsorber.
tentially mutagenic, carcinogenic, and toxic. The US Environmen-
tal Protection Agency (U.S. EPA) has set maximum contaminant EXPERIMENTAL METHODS
levels for several organic compounds and many other compounds
are currently being added to the list [Oxenford and Lykins, 1991].  The adsorbent used, F400, was a commercial granular activated
Metsulfuron-methyl (MSM) is an organic herbicide that has beencarbon, purchased from Calgon Co., USA. Prior to use, all carbon
widely used to control broad-leaved weeds. After application theyparticles were boiled in distilled water for 24 hr and washed in dis-
permeate into soil and can subsequently run off from cropland intdilled water to remove impurities. After drying in an oven at 103-
rivers and lakes, causing surface water pollution. This compound05°C, the carbon particles were classified into two groups. One
may persist in the environment for many months. Therefore, thevas passed through 20 mesh and retained on 30 mesh (ASTM),
removal of this potentially harmful compound from water has em-and the other was passed through 16 mesh and retained on 20 mesh.
erged as an important issue of environmental protection [Yang eThe average particle diameters were estimated to be 0.84 and 0.59x
al., 1997; Holloway et al., 1995]. 10° m from the sieve openings, respectively. The physical proper-
As a water clean-up technique, the adsorption of trace organities are summarized in Table 1, and the pore size distribution of the
pollutants by granular activated carbons (GAC) has proved to bearbon measured by Hovath-Kawazoe method is shown in Fig. 1.
economical and effective. The application of this technique to her-
bicide removal has been cited as having great potential [Toth and
Milhanm, 1975] and has been routinely used in water treatment inTable 1. Physical properties of activated carbon
dustries.
This paper presents the adsorption of MSM onto activated car

Physical properties Units Activated carbon

bon. The objectives of this study are to investigate the adsorption Particle density kg/th 748 .
characteristics of MSM onto activated carbon and to obtain reli- 10tal pore volume kg 7.27<10
Average pore diameter A 26.14
To whom correspondence should be addressed. BET surface area fty 1112
E-mail: hmoon@chonnam.ac.kr Average particle diameter m 5%90* 8.4x10™
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Fig. 1. Horvath-Kwawzoe differential pore volume with pore size
of activated carbon.

This activated carbon was suitable for liquid-phase adsorption of
organic compounds from aqueous solutions because it has a meanSince adsorption is one of the fundamental surface phenomena,
pore radius of about 1.31 nm. The working solution of MSM was it is important to have a satisfactory description of an equilibrium
prepared by dissolving a commercial grade product into water with-state in order to successfully represent the dynamic adsorption be-
out any purification. The MSM used here is a white crystal form havior of any species from the fluid to the solid phase, [Nall,et al
and its chemical formula is {1,:N-.O.S. 1992]. In this work, three well-known adsorption isotherms were
Adsorption equilibrium data were obtained by introducing known employed to represent the equilibrium data of MSM on activated
weights of activated carbon particles into 2L MSM solution in a carbon. They are Langmuir and Freundlich equations with two iso-
Carberry-type batch adsorber. Four baffles were fixed in the vessetherm parameters and Sips equation with three isotherm parameters.
The agitation rod was equipped with a four-bladed impeller of 0.03
m wide and 0.05 m high. This rod was connected to a variable speed g
motor. The cages of 30-mesh stainless steel wire screen were at-
tached on the circumference of the impeller blades to sustain the q=k.C"" (3)
adsorbent particles. The vessel was placed in a constant tempera- vn
ture water bath to regulate the temperature and covered with a cover q = 9uDC -
of 20 mm opening. This facilitated sampling and prevented vapor 1+bC”
loss. All runs were carried out at Z5. The adsorption isotherms of MSM are shown in Fig. 3. It shows
The solution was agitated at 500 rpm for three days to give sufthat the Langmuir equation is not adequate for fitting equilibrium
ficient contact time for equilibrium. After equilibrium was obtained, data. However, a good agreement between measured and predicted
a sample was taken from the solution. The concentration of MSM
was determined by using an UV spectrophotometer. The amour
of adsorption at equilibrium was calculated from the following mass
balance equation: 1 5

_9.bC
1+bC @

4)

\Vj 03
q=(C~CO) @
where V is the volume of solution, & the initial concentration, ot
and w is the weight of adsorbent.
'The stirred tank adsorber (STA) used in this work is shown in aad i D Raparieetsl
Fig. 2. The tank was the same one that was used as the batch ¢ R
sorber. The flow rate of the solution was regulated by precision lig- Pl
uid pumps (QSY, Fluid Metering, Inc., USA). The revolution speed il T
in the batch and stirred tank adsorbers was varied from 0 to 50
rpm in order to study the contribution of the film mass transfer to
the overall mass transfer of MSM during its adsorption onto acti- . .5 y L5 s
vated carbon particles. Cas molim

Fig. 3. Adsorption isotherm of metsulfuron-methyl on activated
ADSORPTION EQUILIBRIUM carbon at 298.15 K.

g, ml'kg

Expanerial

March, 2001



Adsorption and Mass Transfer Characteristics of metsulfuron-Methyl on Activated Carbon 165

Table 2. Adsorption equilibrium isotherms of metsulfuron-methyl Table 3. Adsorption equilibrium isotherms of metsulfuron-methyl
by granular activated carbon at 298.15 K on activated carbon at 298.15 K
Isotherm type Parameters MSM activated carbon
Langmuir (o} 0.87 T(K) 298.15
b 5.21 C, (mol/n?) 24.90
E(%) 27.07 m 4
Freundlich Ke 0.68 B, 1.79E+00
n 217 B, —7.00E-04
E(%) 17.04 B, 9.97E-08
. B -4.97E-12
S I 1.17 8
'PS 1 L5 B, 9.21E-17
) 0, 0,
. 159 E(%) 11.5%
E(%) 13.48
N - 0.1
E(%) :@z |:|gexg K gca\,kl:|
N & Cexp k
0.08
values was obtained for the Sips. The average percent differenct
in the amount adsorbed are 17.04% for the Freunidich and 13.48¢
for the Sips as listed in Table 2. Unlike these isotherms, the Lang 3 0.06
muir isotherm showed a difference of 27.07%. This implies that E
the Langmuir isotherm based on a homogeneous adsorption ener g
is not suitable for dealing with adsorption equilibrium data of MSM = 0.04

on activated carbon.

The surface heterogeneity, therefore, plays an important role it
the adsorption on solids. For a heterogeneous adsorbent, the & 0.02 1
sorption energy of a given molecule depends on its position on th
solid surface. Most investigations of adsorption on heterogeneou

. . 0 r r T :
adsorbent surfaces are based on the integral equation of the adsc 5 10 15 20 25 30
tion isotherm over a domaif, [Rudzinski and Everett, 1992]: E-Eo, ki/mol
8,(C) = J;Q(E’ CO)x(E)dE (5) Fig. 4. Energy distribution calculated according to Eq. (7) for

MSM adsorption on activated carbon at 298.15 K.

wheref(C) is the total surface coverage,.g&(E, C) is the local

isotherm for an arbitrarily chosen homogeneous patch of the Sulzentration and s the minimum adsorption energy.

face with E, and x(E) is the normalized adsorption energy distribu- The parameters, Bin Table 3 were determined by minimizing

tion function characterizing the energetic heterogeneity of the adsolie mean percent deviation between experimental and predicted

bent surface. amounts adsorbed. The mean percent deviation is 11.5%, which is
Adsorbent heterogeneity may be calculated from adsorption datgg|atively low compared with other isotherms. The energy distribu-

and several methods have been proposed for such a purpose. Giih for the MSM-activated carbon system is shown in Fig. 4.
simplest method is the application of an exponential equation to

describe adsorption equlibrium data [Jaroniec and Moffat, 1987]. TRANSPORT PHENOMENA
_ m O c,O . .
q=exg ~ Y BHHQT 'nE% ©) In most of the adsorption processes where highly porous adsor-
n=0

bents are used, the solution-particle mass transfer resistance could
where g, C, and {are the amount adsorbed, the equilibrium con- not be neglecj[ed as cqmpared 0 intraparticle diffusion. There are
centration, and the saturated concentration that can be calculated™"'e 'correlapons available for estlmg ting the: fim mass transfer
from its solubility, respectively. B(n=1, 2, ..., m) are parameters coeff|C|enF, k N a batch S.ySte”." In this Wor.k,vkas determmed
related to the energetic heterogeneity. The energy distribution funcf-rorn the |n|t|'al concentraﬂon history that rr'ughF be'approxmated
tion, X(E), corresponding to the exponential isotherm, Eq, (6), ma;Py the following equation when the adsorption time is less than 300

be written as seconds [Moon et al., 1991].
X(E) {ﬁ nB,(E —Eo)“} exr{-ﬁ B.(E —Eo)"} @  E@TAN ©

where V is the volume of solution and A denotes the effective ex-
where E is the adsorption energy related to the equilibrium conternal surface area of adsorbent particles. A can be calculated from
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Table 4. Mass transfer coefficients and effective diffusion coeffi-
cients estimated in a batch adsorber

Species dx10 RPM kx1C° D,x10 D.x10°
(m) (w) (m/s)  (m?/s) (m?/s)
Metsulfuron-  0.59 0 0 0 0
methyl 50 0.26 0.00583 0.143
120 0.39 0.33< 3.2
200 1.25 0.102 1.74
300 1.33 0.152 2.2
500 2.04 0.19 3.4t5
0.84 0 0 0 0
50 0.35 0.010/7 0.272
120 0.56 053 5.3
200 1.32 0.14). 2.08
300 1.45 0.143 2.18
500 3.5 0.10% 2.22
_ 3w
A R, )

wherep, is the particle density of adsorben, iRthe particle ra-
dius, and w is the weight of adsorbent charged.

The fim mass transfer coefficients for the MSM-activated car-
bon system are in the range of 8:26x10° m/s as shown in Table
4, As expected, the film mass transfer coefficient was found to in

crease with particle size and rotation speed. However, it should be
noted that the mass transfer coefficient varied almost linearly WithM

the rotation speed unlike other adsorption systems [Moon and Le
1983; Ditl et al., 1978]. In this work the film mass transfer coeffi-
cient was simply correlated with the rotation speed and the particl
size as follows:

k,=3.60x 107t 0P (10)

wherew is the revolution per minute and d is the average particle

diameter.

This correlation will be used in simulating and predicting the ad-
sorption dynamics of MSM in batch and stirred tank adsorbers.

Since the intraparticle diffusion is usually the rate-controlling
step in most adsorption processes, the determination of diffusiol
coefficient is an essential step. There are various methods for de
termining the diffusion coefficient in the literature [Misic et al., 1982;
Moon et al., 1991; Kim et al., 1996; Keum and Lee, 1989]. The
most general method for this is to compare the experimental cor
centration history with predicted one from a specified diffusion mod-
el. Since the diffusion coefficient obtained by this method reflects
all kinds of mass transfer resistance inside a particle, it was terme
“an effective diffusion coefficient”.

The rate of adsorption in porous adsorbents is generally con
trolled by transport within the pore network. On the internal pore
surface, an adsorbed molecule may hop along the surface when
attains sufficient activation energy and when an adjacent adsory
tion site is available. Although the mobility of the adsorbed phase
is generally smaller than that in the solution, a significant contribu-
tion to the flux is possible when the concentration is very high.

etal

along the pore walls, a material balance for a spherical particle may
be written as follows:

99 _10 > 990

ot rzarS D30 (1)

q=q, att=0 (12)
0

k(C-C) =Dsppa—? atr=R (13)

99 _ -

ar 0 atr=0 (14)

The partial differential equation representing the model was first
reduced to a set of ordinary differential equations by the orthogonal
collocation method. The kinetic data were well predicted by SDM
model incorporated with Sips equation. The resulting set of the or-
dinary differential equations was then integrated numerically in the
time domain by LSODE employing Gear's stiff method with var-
iable order and step size [Gardini, 1985; Bahttacharya et al., 1988;
Yu et al., 1989].

The effective diffusion coefficient of MSM was evaluated from
the experimental concentration curve by a simple parameter search
technique. The effective surface diffusion coefficiegteBtimated
in this work was found to be in the range of3.5x10"m’/s as
listed in Table 4. In this table, the effective pore diffusion coeffi-
cient, 0, obtained by the pore diffusion model (PDM) [Moon and
ee, 1983] is also listed for comparison.

Figs. 5 and 6 represent the experimental and simulated data for
SM in a batch adsorber at different revolution speeds. It is note-

L

l:Y‘/i/or’chy that the revolution speed significantly affected the concen-

tration decay curve in the range of 0-120 rpm, and the mass trans-

Fer was extremely slow when there was no agitation. The effect of

the particle size is shown in Figs. 7 and 8. In Fig. 7, the concentra-
tion decay curves were fitted by two different diffusion models to
check which model is more plausible in representing these kinetic
data. Very little difference was found between two models. This
implies that any diffusion model can be used in fitting kinetic data

1.2

OOo0 - O OpoM o o o

0 RPM
50 RPM
120 RPM
200 RPM
300 RPM
500 RPM
— Predicted

OO Xp<ono

Time, hr

When adsorption occurs at the outer surface of the particle, folFig. 5. Effect of RPM on concentration decay curves.

lowed by diffusion of adsorbate molecules in the adsorbed state
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Fig. 6. Effect of RPM on concentration decay curves. Fig. 8. Effect of particle size on concentration decay curves.
(V=2L,w=3g, d=0.84 mm) (V=2L, w=3g,0=120)
1.2 V and concentration,Cand at time t=0 the solution commences
to flow in and out at a volumetric flow rate of Q, the mass balance
1 around the tank at time t can be given by the following equation:
dG, _ ) — -
0 0.84mm Vg -G ~G) “kA(C, ~C) (15)
08 < 0.59 mm . .
o ——SDM where Gand C denote concentrations in the bulk phase and at the
8 w61y e PDM particle surface, respectively. The corresponding initial conditions
are
0.4 \ C,=C,and C=0 att=0 (16)
:}. Fig. 9 shows the comparison of experimental and simulated data
0.2 N _" of MSM in a stirred tank adsorber at different flow rates. In the stir-
o L T S s e s red tank adsorber, the concentration of MSM initially decreased
0 F—————— e very quickly and then slowly increased with time. This result can
0 2 4 6 8 10 be expected from the limit of adsorption capacity of carbon parti-
Time, hr
Fig. 7. Effect of particle size on concentration decay curves. 12
(V=2L, w=3 g,0=500)
1 -q5 O q=7 ec/min

obtained in the batch adsorber. As expected, the equilibrium time
increased with the particle size (Fig. 7). However, Fig. 8 shows tha
the two curves are almost identical at 120 rpm regardless of the pa
ticle size. Similar results were found at low revolution speed less
than 120 rpm as shown in Figs. 5 and 6. This means that the filn
mass transfer might control the overall mass transfer of MSM dur-
ing adsorption when the rotation speed is low.

¢ q=5cc/min
0.8 4 O q=3cc/min

—— Predicted

ADSORPTION IN STIRRED TANK ADSORBER

Similar to adsorption in the batch adsorber, calculations in stirrec

tank adsorbers were made by using an appropriate macroscopic cc [ — . . . . . .
servation equation with the intraparticle diffusion equation. Conse- 0 5 10 15 20
guently, all the methods and procedures discussed in the precedil _ Time, hr
section for batch adsorption can be easily adopted to calculate agy 9 comparison of experimental data with simulated results
sorption in stirred tank adsorbers. for a STA run using the surface diffusion model.

When a mixed tank is initially filled with a solution of volume (C0=0.05 mmol/Lw=500, d=0.59 mm)

Korean J. Chem. Eng.(Vol. 18, No. 2)
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mol or (n/mol)*
: parameter related to the energetic heterogeneity [-]
: concentration of fluid phase [mofm
- initial concentration of fluid phase [moffm
: inlet concentration [mol/fh
: concentration in the bulk phase [molfm
: concentration at the particle surface [md)/m
: average particle diameter [m]
: intraparticle surface diffusion coefficient Jisi
- intraparticle pore diffusion coefficient ffg]
: adsorption energy [kJ/mol]
: minimum adsorption energy [kJ/mol]
. external film mass transfer coefficient [m/s]
: equilibrium constant of Freundlich isotherm j{mol)*"
: order of exponential isotherm
: reciprocal of exponent in Freundlich and Sips equations
Fig. 10. Effect of particle size with simulated results for a STA or exponent in Egs. (6) and (7)

12 J’ b : isotherm parameters in Langmuir and Sips equatiots [m
1

w

O 0.84 mm
O 0.59 mm

oo

0.8 - — Predicted

000

oo

he)

0.2 1

0 T T T T T T T
0 5 10 15 20

Time, hr

SI3IFxxmm

run using the surface diffusion model. Q : volumetric flow rate [rfis or cc/min]
(Co=0.1 mmol/L w=300, Q=7 cc/min) q : equilibrium amount adsorbed on the adsorbent [mol/kg]
O : maximum adsorption capacity of adsorbent [mol/kg]
cles. The effect of the particle size in the stirred tank adsorber was : radial coordinate in particles
similar to the batch adsorption as shown in Fig. 10 since the rotaR, : particle radius [m]
tion speed is high enough (300 rpm). t : time [s or hr]
T : temperature [K]
CONCLUDING REMARKS \% : volume of solution [
w : weight of adsorbent charged [kg]

From the experiments and model simulation on the adsorptiorx(E) : adsorption energy distribution function [-]
of MSM onto granular activated carbon particles in batch and stir-
red tank adsorbers, several concluding remarks could be made. Tlereek Letters

equilibrium data of MSM on activated carbon could be fitted with 6 : fractional surface coverage, or fractional filling of micro-
the Sips equation quite satisfactorily since the surface heterogene- pores [-]

ity is predominant. This fact was confirmed by obtaining the ad-6(E, C): localized adsorption isotherm [-]

sorption energy distribution. From kinetic studies in a batch adsorbep, : particle density of adsorbent particles [ké/m

it was found that the film mass transfer controlled the overall ad-w : revolution per minute

sorption rate of MSM when the revolution speed is low. To con-Q : domain of adsorption energy distribution

firm this result, the effect of the particle size was also investigated

at low revolution speeds. In the MSM-activated carbon system, the REFERENCES
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