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Abstract. Adsorption and desorption characteristics of some herbicides (CPA, MCPA and 2,4,5-T)
from aqueous solution onto the active carbon materials (GAC, F-400) were studied. Adsorption
equilibrium capacities of the herbicides increased with decreasing pH of the solution. Adsorption
equilibrium isotherms can be represented by the Sips equation. Kinetic parameters were measured in a
batch adsorber to analyze the adsorption rates of the herbicides. The internal diffusion coefficients were
determined by comparing the experimental concentration curves with those predicted from the surface
diffusion model and the pore diffusion model. The adsorption model based on the linear driving force
approximation (LDFA) was used for simulating the adsorption behavior of the herbicides in a fixed bed
adsorber. Over ninety five percent desorption of the herbicides can be obtained using distilled water.
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INTRODUCTION

Worldwide application of intensive agriculture practiced over the past few decades has resulted in the
presence of a variety of agrochemicals in the environment. Many pesticides that are commonly used are
resistant to natural degradation in the environment; hence, there is a concern about possible adverse
human health effects and ecotoxicity.: Chlorophenoxy herbicides, which have potential toxicity toward
humans and animals* and are suspect mutagenes and carcinogens, are used worldwide on a large scale as
plant growth regulators for agricultural and nonagricultural purposes.

Among the numerous agrochemicals in use today, the herbicides selected as model pollutants for the
present study were chlorophenoxyacetic acid (CPA), 2-methyl-4-chlorophenoxyacetic acid (MCPA).
2,4,5-trichlorophenoxyacetic acid (2,4,5-T). The chemical compounds are highly carcinogenic.
Furthermore, their biological degradation is very slow. It is important to avoid the release of these
compounds into the environment. These products have potential toxicity towards humans and animals,
being considered as moderately toxic by the World Health Organization. When misused or as the result
of accidental spillage, these chlorinated herbicides have potential to injure non-target cultivars and
microorganisms. In particular, herbicide degraders and others contribute to soil quality or can be used as
biocontrol agents, which may cause the adverse side-effects in mammals including humans.>®

Various treatment techniques have been employed to provide the wastewater problems, including
adsorption, precipitation, ion exchange, and reverse osmosis. Among them, adsorption onto solid
adsorbents has environmental significance, since it can effectively remove pollutants from both aqueous
and gaseous streams. In the wastewater treatment, the activated carbon can be one of the powerful
adsorbents because it has the large surface area and the pore volume, which enable to remove
liquid-phase contaminants such as organic compounds, heavy metal ions and coloring matters.” In order

1


mailto:tykim001@chonnam.ac.kr

to design effective activated carbon adsorption units and to develop mathematical models which can
accurately describe their operation characteristics, it is required for sufficient information on both the
adsorption and the desorption of individual pollutants under different operating conditions. The main
purpose of this work is to study the adsorption and desorption characteristics experimentally as well as
theoretically to eliminate of the chlorinated herbicides from aqueous solutions.

THEORETICAL MODEL

It is assumed that the adsorption and desorption occurs instantaneously and the equilibrium condition
is established between adsorbates in the fluid and the surface of the adsorbents. The driving force is the
concentration gradient of the adsorbate between the liquid bulk and the pore wall. The adsorbed species
then diffuse into the pore space in the adsorbent. Provided that the surface diffusion is dominant, the
following equation can be expressed to describe the rate of adsorption for a spherical particle as ®
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Where C is concentration in the fluid phase, mol/m?, C;is initial concentration of bulk fluid, mol/m?, C;
is concentration on the surface of adsorbent, mol/m®, Dy is axial dispersion coefficient, m%sec, D, is

effective surface diffusion coefficient, m?/sec, k; is film mass transfer coefficient, m/sec, r is radial
distance,m, R is particle radius, m, tistime, sec, v is interstitial velocity, m/sec, z is axial distance, m,

p, is particle density, kg/m?, and &, IS bed porosity



EXPERIMENTAL

The concentration of the herbicides (CPA, MCPA and 2,4,5-T) was determined using the
spectrophotometer (Shimadzu 1601). The wavelengths, corresponding to the maximum absorbance of
CPA, MCPA and 2,4,5-T were found to be 273nm, 279nm and 211nm respectively. 2M HCI and 2M
NaOH solutions were used to adjust pH of the solution. The adsorbent used in this study became the
activated carbon, namely, Filtrasorb-400 (GAC, F-400), which was manufactured by Calgon Co., U.S.A.

The particle size of the activated carbon was estimated to be in the ranges of 0.37 and 0.54 mm in
diameter. The properties of this adsorbent employed in this work are listed in Table 1. All adsorbent
particles were dried in vacuum oven to remove impurities prior to use.

Table 1. Physical properties of the adsorbent employed in this work.

Physical properties F400, coal-based
Particle diameter 0.37~0.54 [mm]
Particle density 682 [kg/m°]
Particle porosity 0.62 [-]
BET surface area 800 [m?/g]
Micropore area 490 [m?/g]
Average pore diameter 19.02 [A]

Single species equilibrium adsorption data were obtained by measuring the adsorbate concentration in
an aqueous solution of the herbicides, 0.45 mol/m®. The solution was kept in the shaking batch at 298 K
for 72 h after introducing a given amount of adsorbent.

Batch adsorption experiments were conducted in a Carberry-type batch adsorber. All the experiments
were carried out at approximately 400 rpm, since the film mass transfer coefficient, ki, is practically
constant at this condition.

Single-species adsorption was carried out in a fixed bed adsorber which was made of a glass column
of 2.54 cm diameter and 50 cm length, respectively. The column was lined with a water jacket, and all
experiments were performed at 298 K. The flow rate was regulated with a flow meter. To enhance
uniform distribution of the solution, small glass beads were packed in the top and bottom ends of the
column. The samples were withdrawn from the effluent line and analyzed using a UV
spectrophotometer.



RESULTS AND DISCUSSION

1. Adsorption Equilibrium

The amount of CPA, MCPA and 2,4,5-T adsorbed onto the GAC at equilibrium was calculated from

the following mass balance equation.
_ v (9)

q=lc-cly

Where q is equilibrium amount adsorbed on the adsorbent, mol/kg, V is volume of the solution m®, and
W is weight of adsorbent, kg.
The pH of the solution is one of the most important parameters affecting the adsorption process. The
variation of single species adsorption equilibrium for the herbicides with initial pH is given in Figures 1
~ 3. As can be seen in these figures, the single species adsorption amounts decreased with increasing pH
of the solution. It was observed that the adsorption is highly dependent on pH of the solution which
affects the surface charge of the adsorbent, and the degree of ionization and speciation of the adsorbate.
In this study, three isotherm models ; Langmuir, Freundlich, and Sips, were used to correlate our
experimental equilibrium data. Langmuir and Freundlich equations has two parameters and Sips
equation have three parameters. To find the parameters for each adsorption isotherm, the linear least
square method and the pattern search algorithm (NMEAD) were used. The value of the mean percentage
error has been used as a test criterion for the fit of the correlations. The mean percent deviation between
experimental and predicted values is as follow :
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These parameters and the average percent differences between measured and calculated values for the
herbicides are given in Table 2. As shown in the Table, the Sips equation gives the best fit of our data
among the three. From this result, we believe that the Sips equation is suitable for predicting
single-component adsorption of the herbicides on activated carbon.

Table 2. The adsorption equilibrium constants of the herbicides onto the activated carbon at different
pH’s (298.15K).

PH 3.5 PH7.0 PH 10.0

Isotherm Parameters --------so o e
CPA MCPA 245-T CPA MCPA 245T CPA MCPA 245-T

Om 2.77 1.94 168 038 054 1.01 077 053 1.05

Langmuir b 659 17.07 6025 9.90 1856 468 586 1507 342

error (%)  2.66 3.47 509 198 485 585 499 0.93 6.84

k 3.18 2.89 254 090 061 165 085 0.62 1.58

Freundlich n 2.09 2.23 308 244 385 291 214 3.26 2.93

error (%)  7.32 3.39 880 526 4.86 7.62 538 3.28 7.93

Qm 2.27 1.94 180 080 053 1.05 078 053 1.05

Sips b 6.86 16.82 4152 103 3478 333 588 1497 298

n 0.98 1.04 1.03 0.78 0.80 1.06 101 101 1.06

error (%) 2.31 3.24 4.60 171 354 551 506 099 8.38




2. Batch Adsorption

For the modeling of the adsorption kinetics, one has to pay attention to two problems : (i) the pore
structure of adsorbents and (11) the mass transfer resistance involved in the adsorption. The adsorption
on a solid surface takes place in several steps, such as external diffusion, internal diffusion, and actual
adsorption. In general, actual adsorption process is relatively fast compared to the previous two steps.
Intraparticle diffusion has been usually considered as the rate-controlling step in liquid-phase adsorption.
However, it is important to estimate the order of magnitude of the mass transfer coefficient. There are
several correlations for estimating the film mass transfer coefficient, ki, in a batch system. In this work,
we estimated ki from the initiation concentration decay curve when the diffusion resistance does not
prevail. The transfer rate of any species to the external surface of the adsorbent, N ,, can be expressed by

NA:KfAs(C_Cs) (11)
By rearrangement and approximation for batch system with adsorption time of less than 300 seconds.’
In(C /C)=-k AL N. (12)
Where V; is the volume of solution and As is the effective external surface area of adsorbent particles,
A.=3M /p,R, (13)
M is the total mass of adsorbent particles loaded and p, is the particle density. Figure 4 is a typical
plot to estimate k, from the initial concentration data of CPA, MCPA and 2,4,5-T at pH 3.5. The value
of k, obtained from Figure 4 is 7.67><10°m/s, 5.01><10™ m/s and 4.05>10" m/s respectively.

Figure 5 shows the experimental data and model prediction for the adsorption of CPA, MCPA and
2,4,5-T in a batch adsorber. In this study, the pore diffusion coefficient, D,, and surface diffusion
coefficient, Ds, are estimated by pore diffusion model (PDM) and surface diffusion model (SDM).® The
estimated values of k,, Dy, and Ds for the herbicides are listed in Table 3. The nondimensional Biot
number, Bi, in Table 3 was estimated by following equation.’
Bi ked,C,

2D,p,0,

The Biot number represents the ratio of the rate of transport across the liquid layer to the rate of
diffusion within the particle. For Bi < 1, external mass transport resistance is the controlling mass
transfer step, while for Bi > 100, surface diffusion is the controlling mass transfer mechanism. Bi

numbers between 1 and 100 indicated that both mass transfer mechanisms are important for the
particular process.

(14)

Table 3. The Kkinetic parameters of the herbicides onto activated carbon in a batch reactor.

kex 10° Ds x 10" D, x 10° Biot No.
Adsorbates [m/sec] [m?/sec] [m?/sec] [-]
CPA 7.67 6.80 2.90 6.59
MCPA 5.01 1.72 0.94 19.09
2,45-T 4.05 3.28 2.93 10.41
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2. Bed Adsorption

For a packed bed adsorber, the main parameters for mass transfer are the axial dispersion coefficient
and the external film mass transfer coefficient. Axial dispersion contributes to the broadening of the
adsorption front axially due to flow in the interparticle void spaces. Usually it comes from the
contribution of molecular diffusion and the dispersion caused by fluid flow. In this study, the axial
dispersion coefficient, D, , for the fixed bed adsorber was estimated by Wakao's correlation.’®

D. =20{Dm }1: 20 .1 (15)
2VR, & (2VR,) 2 ReSc 2
External film mass transfer is that by diffusion of the adsorbate molecules from the bulk fluid phase
through a stagnant boundary layer surrounding each adsorbent particle to the external surface of the solid.
The external film mass transfer coefficient, k;, in a fixed bed adsorber can be estimated by Wakao and
Funazkri equation.™

.= gm (20 “11Re*5c"%

Where Sc and Re are Schmidt and Reynolds numbers, respectively. In Egs. (15) and (16), molecular
diffusion coefficients, Dy, of the herbicides can be calculated by Wilke-Chang equation.*! The estimated
values of axial dispersion coefficient, external film mass transfer coefficient, and molecular diffusion in
a fixed bed are listed in Table 4.

(16)




Table 4. Model parameter values for the fixed-bed simulation.

ks x 10° [m/sec] D, x 10°[m%sec] D, x 10™° [m?/sec]
CPA 1.04 0.36 2.70
MCPA 2.78 1.13 6.77
2,45-T 2.68 0.86 6.42

The breakthrough curves of all species, in general, depend on adsorption equilibrium, intraparticle
mass transfer, and the hydrodynamic conditions in the column. Therefore, it is reasonable to consider
adsorption equilibrium and mass transport simultaneously in simulating the adsorption behavior in the
fixed bed adsorber. On the other hand, the operational factors such as input concentration, pH, flowrate
and bed height are important in column designing and optimization.

Since the flow rate is a very important factor in fixed bed design, the effect of flow rate for the

herbicides is studied and the results are shows in Figures 6 ~ 8.
Those Figures show that the breakthrough time decreased with increasing flow rate, and the
breakthrough curves are steeper for higher flow rates. In general, the breakthrough curves become
steeper with increasing flow rate and decreasing bed height. Since the intraparticle diffusivity is usually
independent on flow rate, this behavior is due to the external film mass transfer resistance. This
resistance is weaken when flow rate is higher, so that the length of the mass transfer zone is reduced, and
sharper breakthrough curve is generated.
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For the successful application of an adsorption system, an efficient regeneration of the used adsorbent
is very important from the economic point of view. In general, there are many regeneration techniques
such as thermal, steam, acid or base and solvent regenerations. The choice of a certain regeneration
method should depend upon the physical and chemical characteristics of both the adsorbate and the
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adsorbent. In this study, distilled water was used as desorbate for the herbicides. As shown in Figures 9 ~
11, desorption of the herbicides was about 95% only using distilled water. The effluent pH increased in
the initial stage of adsorption, and decreased to the pH of the initial solution as adsorption proceeded and
then increased as desorption proceeded. As discussed previously, the rapid increase of effluent pH in the
earlier adsorption stage also implies that large amounts of the herbicides was removed by GAC.
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CONCLUSIONS

1. The adsorption isotherm of CAP, MCPA, 2,4,5-T onto activated carbon was favorable type, and Sips
isotherm was suitable for single component systems among the various isotherms.

2. The adsorption equilibrium capacity of CAP, MCPA and 2.,4,5-T onto activated carbon decreased
with increasing pH of the solution.

3. Adsorption amounts of the herbicides onto activated carbon was in order of CPA > MCPA > 2,4,5-T.
4. The differences in the rate of adsorption are primarily attributable to the differences in the equilibrium
at the various pHs, and the pore diffusion model simulated our data satisfactorily.

5. A simple dynamic model (LDFA) successfully simulated the experimental adsorption breakthrough
data under various operation conditions

6. Desorption yield of CAP, MCPA and 2,4,5-T was about 95% only using distilled water.

ACKNOWLEDGEMENT

This research was financially supported by the Brain Korea 21.

REFERENCES

1. Blair, A., Malker, H., Cantor, K., Burmeister, L. and Wiklund, K., (1985), Cancer among farmers: a
review. Sci. J. Work Environ. Health, 11, 397 —410.

2. Grover, R. and Cessna, A.J. (Eds.), (1991), Environmental Chemistry of Herbicides. CRC Press, Boca
Raton, FL.

3. Hodgson, E.P. and Levi, E., (1996). Pesticides: an important but underused model for the
environmental health science. Environ. Health Perspect, 104, 97-105.

4. Hoar, S.K., Blair, A., Holmes, F.F., Boysen, C.B., Robel, J.R. and Hoover, Fraumeni, R.H., (1986)
Agricultural herbicide use risk of lymphoma soft-tissue sarcoma. J. Am. Med. Assoc. 256, 1141-1148

5. Heal, M. R., Deckay, C. A., Cape, J. N. and Heal, K.V., (2003), The routes and kinetics of
trichloroacetic acid uptake and elimination in Sitka spruce (Picea sitchensis) saplings via atmospheric
deposition pathways, Atmospheric Environment, 37, 4447-4452.

6. Schroder, P., Matucha, M., Forczek, S. T., Uhirova, H, Fuksova, K. and Albrechtoca, J., (2003),
Uptake, translocation and fate of trichloroacetic acid in a Norway spruce/soil system, Chemosphere,
52, 437-442.

7. M. Mehmet, K. Irfanet, and T. Melda, (2000), J. Environ. Sci. Health, B35(2), 187.

8. Moon, H. and Lee, W. K., (1983), Intraparticle diffusion in liquid-phase adsorption of phenols with
activated carbon in finite batch adsorber, J. of Colloid and Interface Sci., 96, 162-171.

9. Traegner, U. K. and Suidan, M. T., (1989), Evaluation of surface and film diffusion coefficients for
carbon adsorption, Wat. Res., 23, 267-273.

10. Wakao, N. and Funazkri, (1978), Effect of fluid dispersion coefficients on particle-to-fluid mass
transfer coefficients in packed beds : Correlation of sherwood numbers Chem. Eng. Sci., 33,
1375-1384

10



