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ln the present study, activated charcoal (nC) was evaluated for sorption AfB, in uitro.

Langmuir adsorption isotherm was utilized to fit the sorption data. The isotherm studies

estimated the maximum capacity and affinity constant for AfB, binding" lsothermal analysis

demonstrated that AC had the H class. The maximum capacity (Q,"^). affinity constant (Ko), anO

correlation coefficient (r') values for the adsorption of AfB,, were determined. AC had a lower

Q,_ at 25"C(0.403 + O.O"lO mol/kg) as compare to AC at 37"C (0.474 + 0"O22 mol/kg)

and 45"C (qlg + o.O2l molzkg). However, Ko and r'values of AC at 25"C (Kd = 4.67 x 106;

r, = O.St+) were higher than AC at 37"C (Ko = 2.36 x 106; 12 = 0.944) and 45"C (Ko =

2.78 x lOu; 12 = 0.940).The heat of adsorption of AC was endothermic and less than

20 kJtmol suggesting the adsorption process may involve physisorption. Further research is

warranted to confirm the safety and efficacy of AC in uiuo.

".Irttroduction.,'...'''':
Aflatoxins are difuranocoumarin derivatives produced by Aspergillus flauus and/or

A. parasiticas. Aflatoxin contamination of foods and feeds constitutes a serious threat to the health

of animals and humans, and economic losses. There are four naturally occurring aflatoxins

(AfB,, AfBr, AfGi, and AfGr), while, other aflatoxins occur as metabolic products of microbial,

animal, or human metabolic systems. The order of acute and chronic toxicity is AfB., tAfG, '
AfB2 >AfG2 (Smitn and Ross, 1 991 ). Recently, the lnternational Agency for Research on Cancer

(IARC) reported that there is sufJicient evidence to classify AfB, and mixtures of aflatoxins as

Group I carcinogens in humans (IARC, 1993). There have been many strategies directed to

the detoxification of aflatoxins in foods and feeds with varying levels of effectiveness. These

include food and feed processing, biocontrol and microbial inactivation, structural degradation

after chemical treatment, dietary modification of toxicity, and reduction in bioavailable aflatoxin

by adsorption method (Phillips et al., 1995). Currently, the method that has received most

attention is the inclusion of non-nutritive sorbents in contaminated feeds {or the inactivation of

aflatoxin. This approach is considered to be a practical and cost-effective strategy for the

detoxificaticn of contaminated feedstuffs on a large scale. Phillips et al. (1988) reported that

various sorbents classified as aluminas, zeolites, silicas and phyllosilicates were capable of

binding aflatoxin in solution. Other sorbents such as bentonite, activated charcoal (nC) anO

montmorillonite silicate have also been reported to adsorb AfB, in uitrowilh high adsorption

abilities (Masimango et al., 1 978; Decker, 1980; Ramos and Hernandez, 1996).
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The best way to study mechanisms of adsorption of toxins onto the surfaces of

sorbents is through the use of isotherm analysis (where the amount of toxin adsorbed is plotted

against the concentration of toxin in the external phase, at constant temperature, and usually

under equilibrium concentration). Earlier studies have utilized modified methods of equilibrium

isothermal analysis to characterize the thermodynamics of adsorption of aflatoxin onto the

surfaces of various sorbents (Grant, 1998; Grant and Phillips, 1998; Pimpukdee et al., 2000).

These methods have allowed an insight into the molecular mechanisms of action of sorbents

and comparison of critical similarities and differences. ln previous screening experiments AC

had high adsorption capacity (Pimpukdee,2000; Lemke et al., 2001)and was selected

for further characterization. Thus, the objectives of this study were to evaluate the specifics of

AfB, binding by this sorbent, including isotherm studies to measure capacity, affinity, and

thermodynamics of toxin adsorption.

Mateiials'and methods

Chemicals and reagents

AfB, was purchased from Sigma Chemical Co. (St. Louis, MO). Activated charcoal

(Norit A) was purchased from Aldrich Chemical Co. (Milwaukee, Wl). All chemicals and reagents

were of the highest purity commercially available. The high-purity water used in this study was

prepared by processing deionized water through a Milli-Q'r- system.

lsotherm studies

A stock solution of AfB., was prepared by dissolving the pure crystals in acetonitrile.

A volume of stock solution was then injected into purified water yielding an approximately

B pgzml solution of AfB,. The exact concentration of the stock solution was verified by a

UV-Visible spectrophotometer (Beckman DU- 65). Each isotherm study consisted of triplicate 5

ml solutions of AfB, made from dilutions of the stock. These yielded approximate concentrations

of O.4.0.8, 1.6,2.4,3.2, 4,4.8, 6. 6.4,7.2, and B p-gzml. These concentrations

were achieved by adding an appropriate amount of working solution to 16 x i 25 ml disposable

borosilicate test tubes and then adding the complimentary amount of purified water to make

the total volume 5 ml. Approximately 10 mg of sorbent was weighed in a 16 x 125 ml

disposable borosilicate test tube. Purified water was then added to the sorbent to make 2 mgtml

suspension. The suspension of sorbent was vortexed to achieve homogeneity. From this

suspension, 5O pl (containing 1 00 pg of sorbent) was pipetted out with an autopipetter to each
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5 ml test sample. Four controls were also prepared: a purified water control containing no

toxin, toxin control containing 0.4 and 8 pg/ml AfB, without sorbent, and a control containing 5

ml purified water and 100 [fg of sorbent. The samples and controls were capped and placed on

an electric shaker at 1,000 rpm (tor 2a hr) in an incubator (at either 25"C, 37"C or 45"C).

After shaking, the samples were centrifuged at 2000 rpm, for 30 min, to separate the sorbent

from the supernatant. The supernatant o{ samples was analysed for absorbance at 362 nm

using a UV-Visible spectrophotometer to determine the concentrations remaining in solution

(Pimpukdee, 2oo0).

Data calculations and curve fitting

The UV/Visible absorption data was entered into an Excel spreadsheet (Microsoft,

Redmond, WA) to calculate the amount of AfB, left in solution (C*),and the amount adsorbed

(q) for each data point. The AfB, in the supernatant was calculated by using an extinction

coefficient (e ) equal to 21 ,865 M-1 cm-t. The data was then transferred to Table Curve 2D v 3

(Jandel Scientific, San Rafael, CA) to fit isotherm equation. The isotherm equation (Langmuir)

was entered as user defined functions. The enthalpy of adsorption (AH"o,) was calculated by

comparing the individual Krs at 25"C, 37"C, and 45"C by the van't Hoff equation { AH"o" =

- R tn 1t<orzKo,)*[(1/T) - (tzT,)J -11. The standard free energy of adsorption (AG') was

calculated from the thermodynamic relationship giving AG" = - RT ln Ko where Ko = Langmuir

distribution constant, and R = molargas constant (8.314 J K-1 mol-1;and T = temperature (K)

(Grant and Phillips, 1998).

Statistical analysis

AfB,, adsorption data were represented as arithmetic mean * SEM of three replicates

per sample. Means showing significant differences in ANOVA were compared using Duncan's

multiple range test (Duncan, 1955). All statements of differences were based on significance of

p<0.05.

The process by which chemicals become associated with a solid phase is generally

referred to as sorption (i.e., adsorption onto a two-dimensional or three-dimensional matrix).

The sorption of solid-aqueous solution may involve the interaction of either vapor molecules or

dissolved molecules with adjacent solid phase. Sorption is not always a single, simple process,

rather, some combination of inleractions may be responsible for governing the association of any
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particular chemical (called a sorbate) with any particular solid (called a sorbent). These may

involve t ) the role of the surface, 2) tne nature of the solute, its chemical structure and its

interaction with the solvent, 3) the influence of the solvent, a) tne nature of the interactions

between sudace and adsorbed solute, 5) the structure of the adsorbed layer, and 6) the effect of

temperature. Adsorption isotherms for AfB, on AC at 25"C, 37"C and 45"C are given in

Figures .,|. The isothermal binding plots for adsorption from dilute solutions are classified into four

groups represented by the letters H, L, S, and C. These are based on the form of the initial part

of the isotherm. The L (Langmuir) class is characterizedby an initial region which is concave to

the concentration axis. The C (constant partition) isotherm has an initial linear portion, which

indicates constant partition of the solute between solution and adsorbent. The curve is linear and

increases as long as the capacity has not been reached. The S-shaped isotherm has a shallow

initial slope, and the amount adsorbed increases as a semi linear function of concentration. The

isotherm plot is convex to the concentration axis, and this frequency is followed by a point of

inflection displaying an S-shaped isotherm. The S isotherm is observed when a molecule does

not have a strong affinity for the sur{ace, until there is a significant amount adsorbed' then the

slope increases as the a{finity for the surface increases. This occurs because the solute molecule

has modified the surface, or has begun to bind to previously adsorbed molecules. The H isotherm

is defined as a plot with an initial steep concave down slope that gives an apparent intercept on

the ordinate, which represents an extremely strong initial affinity at low concentrations (Giles et

al., 1974).lsothermal analysis demonstrated that AC had the H class. The Langmuir Model

was used to eslimate th" Q.u, at different isotherm temperatures to calculate individual Kos for

use in the enthalpy calculations. Table 1 gives the summary o{ isotherm fit parameters of AfB,

adsorption onto AC at three different temperatures (ZS'C, 37'C and 45"C). At 37"C and 45"C'

AC had similar {it parameters for Q.u*, Ko, and rt value, and had different fit parameters

from 25"C. At 25"C, AC had a lower Q,"" value as compare to AC at 37"C and 45"C

suggesting that the adsorption process between AfB, (sorbate) and AC (adsorbent) was

endothermic reaction that the temperature increased as the Q.., increased' However, Ko and r'

values of AC at 25"C were higher than AC at 37"C and 45"C. Sorption data fitted well into the

Langmuir adsorption isotherm at 25"C, indicating formation of a monolayer over a homogenous

sorbent surface as compared to adsorption at 37"C and 45"C'

Overall, the heat of adsorption (A H"o.) of AC was endothermic (- 1 0 kJzmol)

(Figure 2), suggesting sorption of AfB, from solution onto the AC increased as the temperatures

increased. The strength of the binding forces between the adsorbed molecules or atoms and the

adsorbing surface has been frequently used as a criterion to distinguish physisorption from

chemisorption. lf the heat of adsorption exceeds - 20 kJtmol, the process is regarded as

chemisorption, whereas physisorption occurs if it is less. Since the enthalpy of adsorption was
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less than 20 kJzmol, the reaction between AC and AfB, was probably involved the physisorption

mechanism. ln physisorption, the adsorbate is kept at the adsorbent surface by a weak bond, i.e.

van der Waals forces, dispersion forces, hydrogen bonding, or hydrophobic bond. The standard

free energy of adsorption (A C") of AC was negative ranging between -25 kJzmol to -34 kJz

mol (data not shown), so the adsorption was spontaneous.
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Figure 1 lsotherm plots for aflatoxin B, to activated charcoal at 25"C, 37"C, and 45"C,

which were used to calculate the enthalpy of adsorption.
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Average enthalpy calculation plot from isothermal adsorption of AfB, to activated

charcoal at 25"C,37"C, and 45"C. The enthalpy of adsorption (AH,o") was

calculated by comparing the individual Kos at 25"C, 37"C, and 45"C by van't Hoff

equarion {AH"o"= - R tn (Kn,/Ko,)*[(1/T)- (1/T,,)]''].
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Table 'l Summary of fit parameters o{ AfB

and 45"C by Langmuir Model:

of Atts, adsorbed, Q.", is the

equilibrium concentration of AfB

parameter).

, adsorption onto activated charcoal at 25"C, 37"C,

Q = Q**[K.C*t(1+ Koc,)] where q is the amount

maximum amount of AfBl adsorbed, Cw is the

in solution and Ko is distribution constant (affinity

Temperature

("c)

* std. Error

(mollkg)

2
aKda

25

37

45

0.403 + 0.010

0.47 4 * O.OZZ

o.479 + 0.021

4.67 x 106

2.36 x 106

2.78 x 1OE

o.97 4

o.944

0.940

An understanding of adsorption mechanism of mycotoxins onto sorbent

surfaces will benefit the goals of detoxification and inactivation of AiB,. This will lead to

the identification of safe and effective sorbents for the prevention of mycotoxicoses in animals

and mycotoxin residues in food of animal origin. The thermodynamics of surface adsorption,

isotherm shape, Iigand specificity, capacity, and affinity are critical requirements for optimal

reduction in mycotoxin bioavailability and might be used to predict the efficacy of sorbents in

animals. The results suggest that the AC had high adsorption capacity for AfB, in uitro (Q^^,

=0.403 t 0.010 mol/kg) as compared to the same condition at 25"C that the Q,"" for a

hydrated sodium calcium aluminosilicate clay (USCnS) or NovaSil was 0.302 + O.OOO mol,/kg

(Pimpukdee, 2OO0). AC has been widely used for removal of organic pollutants from water due

to its large surface area and porosity. ln addition, itt uitro studies indicated that certain AC

has high affinity for fumonisin B, and AfB, singly or in combination (Galvano et al., 1997).

AC may be useful as a multi-mycotoxin-sequestering agent. lt is known that the adsorption

properties of AC are correlated with the total surface area and the pore-size diameter and for

different source materials, methods of preparation and chemical treatments can greatly impact the

surface characteristics of AC. This may suggest the possibility for producing AC under ideal

conditions with a higher adsorption capacity for aflatoxins. However, fufther in vivo studies in

animals are required to determine the efficacy and safety of this sorbent before it can be used.
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