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Abstract−This research investigates the adsorption properties of three activated carbons (AC) derived from coconut,

coal, and wood origin. A linear relationship exists between the number of water molecules adsorbed onto each AC

and the oxygen content determined elemental analysis and XPS. An inverse linear relationship exists between the

plateau amount of dodecanoic acid anionic surfactant and the oxygen content on the surface of ACs. The surface charge

on each AC’s surface had a linear relationship with the plateau amount of dodecanoic acid. A plug-flow heterogeneous

surface diffusion model (PFHSDM) for a fixed-bed adsorption process was developed to describe the adsorption ki-

netics in a fixed-bed column. The model represents axially dispersed plug-flow, external mass transfer, adsorption equi-

librium on the fluid-particle interface, and intraparticle diffusion. The larger molecular dimension of the dodecanoic

acid as a more hydrophobic entity than octanoic acid led to a faster external mass transfer rate but a slower surface

diffusion rate as estimated from the PFHSDM. The interaction between the organic moiety of surfactant and the AC

surface chemistry such as surface oxygen content and surface charge contributes to the adsorption performance in both

to the adsorption equilibrium and kinetics.
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INTRODUCTION

Activated carbons (ACs) are increasingly used as an economic

and stable mass separation agent for the removal of surfactants to

raise the final product quality in many industrial processes [Garcia-

Delgado, 1992]. The usage of ACs for removing surfactants from

industrial process streams is increasing [Wu and Pendleton, 2001].

Surfactant removal processes involved in large-scale continuous

industrial processes have consumed a large quantity of ACs. For

example, the expected usage of ACs in one aluminium plant in West

Australia is up to 4-5 tons per day [Alcoa, 1998; Hind et al., 1999].

With such large amounts consumed, choosing an appropriate type

of AC for the adsorption process becomes very important from the

perspective of improving the adsorption process efficiency and re-

ducing the overall cost of materials. Many industrial processes are

developed empirically. A large number of ACs are available from

commercial suppliers; hence, it is difficult for industrial researchers

to identify and select an appropriate AC with the intention of achiev-

ing a highly efficient surfactant removal without knowing the proper

characteristics of ACs.

It is well known that the physical properties of ACs are signifi-

cant in an adsorption process, and also the AC surface chemistry

has been revealed to plays a considerable role in the dilute solution

adsorption process [Considine et al., 2001; Pendleton et al., 1997].

Recently, the surface chemistry of ACs as adsorbents has been in-

vestigated and shown to affect the adsorption process and capacity

in conjunction with physical properties such as pore size and pore

distribution [Wu and Pendleton, 2001]. AC surfaces exhibit chemi-

cal heterogeneity due to the presence of several types of heteroat-

oms, oxygen, hydrogen, phosphorus, and/or sulfur, contained within

the carbon matrix [Boehm, 1994; Bandosz, 1999]. Oxygen forms

surface functional groups bonded on the edge of carbon as carbox-

ylic acids, carbonyls, phenols and lactones, and offers a strong in-

fluence on solution adsorption [Hind et al., 1999; Rodríguez-Rei-

noso and Molina-Sabio, 1998]. The concentration of surface func-

tional groups affects the relative hydrophobicity of the AC and the

AC surface charge due to the presence of carbonate, carboxylic,

and phenolic functional groups, which are solution pH dependent.

Thus the surface chemistry plays an important role in influencing

the adsorption capacity and the mechanism for adsorptive removal

in industrial processes.

In addition to the characteristics study of ACs, AC-surfactant

adsorption kinetics studies have made a contribution towards a bet-

ter understanding of the AC and provide valuable information on

controlling the adsorption rate, and assist industrial researchers to

improve AC adsorption efficiency for surfactant removal. Several

researchers have reported that the AC adsorption kinetics normally

involves three steps, which include external and internal mass trans-

fer and surface diffusion [Baup et al., 2000; Komiyama, and Smith,

1974; McKay, 1985; Morris and Weber, 1962; Noll et al., 1992;

Weber and Smith, 1987]. The kinetics, such as internal diffusivities

and external mass transfer coefficients, has been studied for the dy-

namic behaviour of adsorbates [Park et al., 2003; Shim et al., 2004].

More recently, a plug-flow homogeneous surface model was applied

to determine the intraparticle surface diffusivities for the optimal de-

sign and operation of effective adsorption process [Li et al., 2003].

In these communications the surface diffusivities were determined

by simulation via a mathematical model, but nevertheless the exter-

nal mass transfer coefficients relied on several empirical equations

which do not considered the surface chemistry on AC. Also, most

gas phase packed-bed adsorbers are analyzed via a linear driving
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force or an adsorption-dominated model [Sircar and Hufton, 2000]

and assumed sufficiently low concentration in the carrier gas that

they adhere to Henry’s law equilibrium contact [Yang, 1997] though

nonlinear equations have been required as equilibrium isotherm.

Though extensive literature has existed for the mass transfer rates

of adsorption processes, researchers have neglected the nonlinear

isotherm equations by simplifying the equation and the effect of

the AC surface chemistry by using the empirical equations. So few

publications exist in which the effect of the surface chemistry on

mass transfer rates was investigated.

This study focused both to measure surface chemistry of ACs and

to evaluate adsorption kinetics of octanoic acid and dodecanoic acid

onto the ACs for surfactant removal in a fixed-bed reactor. This study

measured the oxygen content and surface charge on the AC’s sur-

face, and water adsorption onto the ACs as AC’s surface properties. A

plug-flow heterogeneous surface diffusion model (PFHSDM) for

fixed-bed reactor was employed to determine the mass transfer rate

and diffusion rate. For a better understanding of the adsorption pro-

cesses, this study then examines the effect of the AC surface chem-

istry on the adsorption kinetics in an aqueous solution and a caustic

solution. The information presented in this paper will lead to a dee-

per understanding of the anionic surfactant adsorption process and

will clarify the roles of adsorbent surface chemistry and the contin-

uous phase solution properties on the dynamic adsorption process.

ADSORPTION EXPERIMENTAL

1. Materials

Three AC samples were chosen in this study: a coconut-based

steam-activated carbon (carbon-A), a wood-based phosphoric acid-

activated carbon (carbon-B) and a coal-based steam-activated car-

bon (carbon-C). Carbon-A and B were supplied by PICA Acti-

vated Carbon Australia Pty Ltd. and carbon-C was supplied by Char

Processors, Western Australia. The physical properties of the ACs

are summarized in Table 1. Prior to use, the samples were washed

with Milli-Q water to remove any residual, physically adsorbed ac-

tivating chemicals to provide a reproducible surface for the solu-

tion adsorption measurements. Washing was continuous until the

effluent conductivity matched the influent value. After washing,

the samples were dried at 105 oC for 24 hr and stored in a desicca-

tor until used.

The two anionic surfactants used in this study were octanoic acid

(C8-acid) and dodecanoic acid (C12-acid) as representatives of the

surfactant mixture found in a typical Bayer process. The surfac-

tants supplied by Sigma Aldrich (Australia) exhibit very low solu-

bilities in pure water (≈1.0 mg/L for C8 and 0.4 mg/L for C12). Iso-

propyl alcohol (IPA) was added with 5-vol% into the solvents to

improve their solubility allowing 2.0 mg/L surfactant solutions.

2. Surfactant Concentration Analysis

Accurate and reproducible surfactant concentration determina-

tion required an extraction, derivatization and concentration pro-

cess prior to GC measurements. The residual dissolved surfactants

were extracted from the aqueous solutions into methyl-t-butyl ether

phase at 1<pH<2, and then reacted with diazomethane to generate

the non-polar methylated surfactant from the polar surfactant [Kim,

2003; Wu, 2002]. The methylated surfactant gives a sharp response

when separated on the non-polar GC column. For concentration

analysis of the surfactant, we used an HP 5890 Series II GC-FID

and a BPX5 column with 25 m of length and 0.22 mm of diameter

supported by SGE (Australia).

3. Activated Carbon Surface Analysis

The AC’s oxygen-containing surface functional groups were de-

termined by using X-ray photoelectron spectroscopy (XPS). These

analyses were operated with a PHI Model 5600 hemispheric elec-

tron spectrometer with the pass energy set at 18 eV for surface anal-

ysis and 26.8 eV during depth profiles. The X-ray source was non-

monochromatized K
α
 operating at 300 W. The main chamber pres-

Table 1. The physical and chemical properties of activated carbons

A B C

Surface area [m2/g] 1369 1149 1738

Mean particle size [µm] 15.00 - 15.00

Density [g/cm3] 0.66 - 0.38

Total pore volume [cm3/g] 0.73 0.87 1.30

Micropore volume 0.69 0.44 0.48

Mesopore volume 0.04 0.43 0.82

Fig. 1. Correlation water vapor and C12 adsorbed of oxygen on ac-
tivated carbons (●: A, ▲: B, and ■ : C).

Table 2. Mass transfer coefficients and surface diffusivities of C8-acid and C12-acid in H2O and 1 M NaOH solution

H2O 1 M NaOH 2 M NaOH in batch*

Adsorbate kf×103 (cm/s) Ds×1011 (cm2/s) kf×103 (cm/s) Ds×1011 (cm2/s) kf×103 (cm/s) Deff×1012 (cm2/s)

C80 3.0 5.0 2.9 1.0 1.4 6.6

C12 3.5 1.5 3.4 0.5 3.2 5.9

*an initial concentration of 0.4 mg/L in 2 M NaOH and carbon dosage of 0.16 mg [Wu and Pendleton, 2003].
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sure was ≈10−9 mmHg. The spectrometer energy scale was cali-

brated by using the Fermi edge and the 3d5/2 line (367.9 eV) for silver.

Complementing this calibration, the retardation voltage was calibrated

from the positions of the Cu 2p3/2 (932.7 eV) and Cu 3p3/2 (75.1 eV)

peaks relative to the excitation voltages. The resultant position of

the C1s photo-peak due to adventitious hydrocarbon was found at

284.8 eV. A 45o take-off angle was employed in all XPS measure-

ments. The photo-peak area was used to calculate the atomic con-

centrations for each element.

4. Water Vapor Adsorption

The water adsorption isotherms were measured at 25 oC for 0.05 g

accurately weighed AC sample by using an automated gravimetric

instrument employing a computer-controlled, modified Cahn micro-

balance arrangement. Prior to measurement, each AC sample was

evacuated at 398 K to a background pressure of <5×10−6 Torr to

eliminate the previously adsorbed vapors. Water vapor pressures were

measured with a Texas gauge. The balance and the vapor source

were contained in a thermostatically controlled unit. Since we were

only interested in defining the specific adsorption capacity of the ACs,

isotherms were determined up to the relative pressure of about 0.4.

5. Fixed Bed Adsorption Experiment Method

The fixed bed adsorption column had 3 mm internal diameter

with 13 mm length made of stainless steel, and was filled up with

10 mg of AC sample giving a bed depth of 2.2 mm with εb (bed

porosity)=0.2494. The feed tank made of Pyrex glass was capped

to reduce IPA evaporation for maintaining solubility of the surfac-

tants [Kim, 2004]. Typical operating conditions for continuous ad-

sorption experiment were 1.0 mL/min of flow rate of solution, u,

with initial concentration 2.0 mg/L, Cin, through the bed at 25 oC

and samples were taken every 1-2 hours with a 10 min collection

period.

MATHEMATICAL MODEL

1. Adsorption Model in Fixed-bed

Adsorbates in bulk solution migrate toward an adsorbent parti-

cle or pass through the fixed-bed to lead to the breakthrough curve.

The migration process of adsorbates into the particle can be repre-

sented by four consecutive steps: diffusion and convection from

the bulk to the outer layer of the adsorbent, external mass transfer

(kf) from the outer layer of the adsorbent to the surface of the ad-

sorbent, instantaneous adsorption, and intra particle mass transfer

as diffusions.

The following assumptions were made in the development of

the fixed-bed model:

(1) The flow is plug-flow in fixed-bed;

(2) Liquid-phase concentration gradients only exist in the flow

direction;

(3) External mass transfer is governed by a liner driving force;

(4) Internal mass transfer is only governed by surface diffusion;

(5) There is continuity between the adsorbate concentration in

the bulk and adsorbate load at the surface;

(6) The adsorbent is a smooth, spherical and isotropic particle; and

(7) The adsorption process is reversible.

The model with these assumptions is consistent with PFHSDM

developed by Sontheimer and co-workers [Sontheimer et al., 1988],

representing axial dispersed plug-flow, external mass transfer, adsorp-

tion equilibrium on the fluid-particle interface, and intraparticle dif-

fusion for a fixed-bed adsorption column. 

2. Governing Equations

2-1. Mass Balance for the Bulk Phase

The bulk phase mass balance includes axial fluid transport rates

and a transport rate of adsorbate from the bulk phase onto the par-

ticle phase. The transport rate is dependent upon the external mass

transfer rate (kf) and the different concentration between bulk phase

and particle phases.

(1)

where Cb
* is the bulk phase concentration in equilibrium with par-

ticle phase concentration on the external surface of the particle. The

boundary and initial conditions for the bulk equation are given by:

(2)

(3)

Cb(z, 0)=0 (4)

where Cin is the feed concentration. To solve the bulk phase mass

balance at a given position, a mean bulk concentration on the ex-

ternal surface of the particle at any position has to be determined.

The mean bulk concentration on the AC external surface is depen-

dent upon the adsorption isotherm, the external mass transfer rate,

and the diffusion rate inside the AC particle pore network.

2-2. Mass Balance for the Solid Phase

The mass balance equation and the boundary and initial condi-

tions of particle phase are represented as:

(5)

(6)

(7)

Cs(r, 0)=0 (8)

2-3. The Adsorption Isotherm

An adsorption isotherm represents the local equilibrium relation-

ship between the adsorbate concentration of bulk phase and the ad-

sorbate load of particle phase. In this study, the Langmuir isotherm

equation was introduced to represent the relation of Cb
* and Cs on

the surface of the particle.

(9)

where Qmax and K are Langmuir isotherm parameters.

3. Numerical Method

Since an exact analytical solution is non-trivial for the above ex-

pression due to the nonlinear adsorption isotherm, the mass bal-

ances Eqs. (1)-(9) were solved numerically via a finite element meth-
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od (FEM) linked with a Newton Raphson iteration procedure [Jeong,

1989; Kim, 2001]. The tolerance of the iteration was set at 10−10.

The mass transfer coefficients were also estimated against the con-

straint that the calculated Cb was equivalent to the experimental value

with a tolerance of 10−10.

RESULTS AND DISCUSSION

1. Effect of Surface Properties of Activated Carbon on Ad-

sorption Capacity of Anionic Surfactant

Müller et al. [1985] suggest that AC aqueous solution adsorp-

tion processes are complex processes that may be classified via three

adsorption mechanisms: physical adsorption, chemical adsorption,

and electrostatic adsorption. Chemical adsorption relies on the forma-

tion of a chemically bound adsorbate layer over the surface through

residual valance forces of the surface atoms or chemically bound

functional groups, and electrostatic adsorption is the result of elec-

trical attractive forces between the adsorbate and adsorbent due to

localised ionisation of the surface and adsorptive dissociation [Jaroniec

and Madey, 1988]. Also, the adsorption system with solid-liquid

interface involves at least three components: the adsorbate (a single

solute), the adsorbent (solid), and the solvent (liquid medium for

adsorptive). The complexity of such a system is often reflected by

the interactions between these components, such as adsorbate-ad-

sorbent, adsorbate-solvent, and solvent-adsorbent interactions. Each

of these interactions leads to an individual effect on the adsorption

process. To present a systematic analysis of the surfactant-AC sys-

tem, one also needs to consider the individual effect of the solvent,

adsorbate, and adsorbent chemical properties on the adsorption pro-

cess. In this study we investigated each of those interactions lead-

ing to an individual effect on the adsorption process. To interpret

the surface chemistry of an adsorbent, a water adsorption isotherm

measurement is employed, which is a proven method to probe the

extent of hydrophilic character of an AC’s surface [Rouquerol et al.,

1995; Zettlemoyer et al., 1980, 1983]. The amount of water vapour

adsorbed by the carbon surface indicates the extent of interaction

between the water molecules and the carbon surface. During ad-

sorption, the oxygen groups on the carbon surface act as the pri-

mary adsorption centers. Water molecules adsorb on the surface

oxygen functional groups via hydrogen bonding [Barton et al., 1984;

Carrott and Sing, 1988; Pendleton et al., 1983]. So water vapor ad-

sorption isotherms were used to define each AC’s relative hydro-

philicity (or relative hydrophobicity), and oxygen content on AC’s

surface was evaluated using XPS. Adsorption isotherms for C12-

acid from 2 M NaOH solution reached a plateau amount adsorbed

at 181, 117, and 32 mg/g for carbon A, B, and C supported by an

equilibrium solution concentration of 0.4 mg/L. The relationships

between the water adsorption, the plateau amount adsorbed of C12-

acid, and the oxygen content of the ACs are shown in Fig. 1. The

amount of water vapor adsorbed is directly proportional to a car-

bon’s surface oxygen content. It indicates that ACs containing lower

oxygen content offer relatively greater hydrophobicity so that Car-

bon A is relatively more hydrophobic than carbon B and C. And

the amount of adsorbed C12-acid for each AC may be expressed as

inversely proportional to the oxygen content of adsorbents. Over-

all, the relatively more hydrophobic AC surface showed a greater

affinity for C12-acid adsorption.

The surface charge of the ACs reflects the dissociation of these

AC functional groups. The surface charge of the ACs changes with

change in solution pH and the pH influence on AC surface charge

was investigated. Fig. 2 shows surface charge plots of carbon A, B

and C in the pH range 3-10. The pH for a net zero charge on car-

bon A is ≈7; however, the rate of change of charge with pH is low.

A net zero surface charge on carbon B over the pH range 5.5-7.5

approaches zero and remains negative, over the pH range 7-13. Over

the pH range >3.5 the carbon C surface remains negatively charged.

Fig. 2 shows that carbon A contains probably more slightly posi-

tive charges per unit area than the others. The anionic surfactants

exhibit a net negative charge in the solution. Therefore, electrostatic

interactions act as the adsorption driving force when the positively

charged AC surfaces attract the negatively charged surfactants, lead-

ing to a higher adsorption capacity for anionic surfactants than the

negatively charged AC surfaces. A repulsive force is expected be-

tween the negatively charged AC surfaces and the surfactants, in-

dicating why carbon C exhibits the least amount of surfactant ad-

sorbed from the water phase [Hoeft, 1996].

The adsorption isotherms of each AC for C12-acid in the aque-

ous solution were determined to interpret the relation of surface charge

Fig. 2. The surface charge plots of activated carbons obtained in
the pH range between 3 to 10.

Fig. 3. Correlation between the amount of C12-acid adsorbed with
surface charge at pH 5.5.
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and adsorption capacity. The aqueous solution used in this study

was at approximately pH=5.5 and the surface charges of each ACs

at pH=5.5 were extracted from Fig. 2. Fig. 3 shows the the amount

of C12-acid adsorbed is directly proportional to the each ACs sur-

face charge.

To interpret the effect of surfactants on adsorption capacities in

the fixed-bed adsorption from a water solution with 5% IPA (aque-

ous solution) the breakthrough curve of C8-acid was completed in

about 12 hours, and that of C12-acid was completed in 48 hours as

shown in (a) and (b) of Fig. 4, respectively. By integrating the curves

the adsorbed amount of surfactants could be calculated, and the ad-

sorption capacity of carbon-A for C8 was 0.71×10−3 mol/g and 1.69×

10−3 mol/g for C12-acid, respectively. The capacity of carbon-A for

C12-acid adsorption was 2.38 times greater on a molar and hence

molecular basis than for C8-acid. Carbon A shows a greater affinity

for the more relatively hydrophobic C12-acid than C8-acid for the

fixed-bed contact, which it is consistent with the batch reactor ad-

sorption systems [Wu, 2002].

To interpret the effect of solution properties on the surfactant ad-

sorption, the 1M NaOH solution with 5% IPA (caustic solution)

was used in the fixed-bed adsorption. The adsorption capacity of

carbon A was 0.62×10−3 mol/g for C8 and 1.31×10−3 mol/g for C12-

acid, respectively. Carbon A offers a lower capacity for the anionic

surfactants from caustic solution than from the aqueous solution.

This difference is due to the greater repulsive force between the sur-

factant and the AC surface charge as shown Fig. 2. The anionic sur-

factants dissociate to form negative ions (CH3(CH3)nCOO−) in both

solutions, but the caustic solution creates a greater dissociation and,

at pH 13, the solution promoters a strong negative surface charge.

Comparing the differences in negative surface changes at pH 13

(caustic solution) and pH 5.5 (aqueous solution), the latter offer neg-

ligible net surface charge, promoting adsorption.

2. Effect of AC Surface Properties on Adsorption Kinetics

A number of researchers [Baup et al., 2000; Mathews and Weber,

1984; McKay, 1985; McKay et al., 1981, 1986; McKay and Bino,

1988; Sontheimer et al., 1988] have suggested that the adsorption

kinetics is controlled by the external mass transfer (kf) and/or inter-

nal diffusion (Ds) for various dilute aqueous solutions of organic

materials in contact with ACs of different physical and chemical

properties. This work would apply the PFHSDM model to describe

the AC adsorption rate and the concentration distribution in adsorp-

tion reactor and within the carbon particle up to the surface of the

particle.

To estimate the kf and the Ds by using Eqs. (1)-(9), the Db values

were calculated by the empirical Wilke-Change equation [Seader

and Henley, 1998]. The external mass transfer coefficient (kf) and

the surface diffusion coefficient (Ds) of the surfactant onto the AC

can be estimated by fitting the data from the experiment with the

result from the calculation of PFHSDM for the fixed-bed reactor

as shown in Fig. 4. The kf and the Ds values are 3.0×10−3 cm/s and

5.0×10−11 cm2/s for C8-acid, and 3.5×10−3 cm/s and 1.5×10−11 cm2/s

for C12-acid in the aqueous solutions. The kf and Ds values com-

pare favourably with Li’s data, kf=7.7-12.91×10−3 cm/sec and Ds=

0.65-6.51×10−12 cm2/sec ionic surfactants for an activated carbon

[Li et al., 2003], and Baup’s data also kf=2.6-2.75×10−2 cm/sec and

Ds=6.5-4.0×10−10 cm2/sec for Atrazine, Bromoxynil, and Diuron via

a homogeneous surface diffusion model [Baup et al., 2000]. There-

fore, we suggest that the kf and Ds values in this study are appropri-

ate in magnitude.

The kf value of C12-acid was 1.17 times greater than that of C8-

acid. We suggest that this is due to the hydrophobic attraction pro-

moted by the stronger hydrophobic nature of C12-acid over C8-acid.

We also compared the kf values from our model with those of an

empirical equation, due to Wakao and Funazakri, 1978. Here, the kf

values were calculated to be 1.64×10−2 cm/s for C8-acid and 1.36×

10−2 cm/s for C12-acid. This trend is the reverse of our model. We

attribute the difference to the empirical equation which omits a con-

sideration of chemical properties between adsorbates and adsor-

bent. Secondly, our model recognizes the important contribution

nature AC surface influence on the external mass transfer rate.

To interpret the effect of solution properties on the kinetics, the

1 M NaOH caustic solution was used in the fixed-bed adsorption.

The estimated kf values were 2.9×10−3 cm/s and 3.4×10−3 cm/s for

C8-acid and C12-acid and the Ds values were 1.0×10−11 cm2/s and

0.5×10−11 cm2/s, respectively. These trends, kf(C8)<kf(C12) and Ds(C8)

>Ds(C12), are consistent with the result in 2 M NaOH caustic solu-

tion in a batch reactor as summarized in Table 2 [Pendleton and Wu,

2003]. The notable solution effect did not appear on kf, but the Ds

in caustic solution become up to 20% slower for C8-acid and 30%

for C12-acid than in aqueous solution. A lower Ds of surfactants oc-

curred in strong caustic solution (pH>13) than aqueous solution

(pH=5.5) owing to a strong repulsive force between the negatively

charged AC surfaces and the negative anionic surfactants.
Fig. 4. Breakthrough curves of C8 and C12 measured and simulated

for adsorption in aqueous solution and caustic solution.
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CONCLUSIONS

This study investigated the influence of AC surface properties

such as the surface charge and oxygen content on the adsorption

equilibrium of anionic surfactants. A linear relationship exists between

the number of water molecules adsorbed onto each AC and the oxy-

gen content on the AC’s surface. An inverse linear relationship exists

between the plateau amount of dodecanoic acid anionic surfactant

and the oxygen content on the surface of ACs. The surface charge

on each AC’s surface had a linear relationship with the plateau amount

of dodecanoic acid. A plug-flow heterogeneous surface diffusion

model was employed to determine the adsorption kinetics of octanoic

acid and dodecanoic acid on to activated carbon in a fixed-bed reac-

tor. The larger molecular dimension of the C12 anionic surfactant as

a relatively more hydrophobic entity led to a faster external mass

transfer rate but a slower surface diffusion rates. The surface charge

of AC affected surface diffusion. Overall the interaction between

the AC surface chemistry and adsorbate hydrophobicity contrib-

uted to the adsorption performance due to the adsorption equilib-

rium and kinetics of the anionic surfactant onto AC.
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NOMENCLATURE

Cb : liquid concentration in the bulk [mol cm−3]

Cb
* : liquid concentration at liquid/solid interface [mol cm−3]

Cin : liquid concentration at inlet of the fixed bed [mol cm−3]

Cs : adsorbate load [mol cm−3]

Db : mass diffusivity for bulk [cm2 s−1]

Ds : surface diffusivity [cm2 s−1]

kf : external mass transfer coefficient across liquid/solid inter-

face [cm2 s−1]

L : axial length of the fixed bed [cm]

r : radial distance inside the particle of adsorbent [cm]

rp : mean radius of adsorbent particle [cm]

u : superficial velocity [cm s−1]

t : time [s]

z : axial distance [cm]

εb : bed porosity [-]
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