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Abstract

2-Mercaptothiazoline (2-MT) is widely used as an organic corrosive as well as a diffusion inhibitor due to its high ability to form
chelate Schiff base complexes. This study investigated the elimination of 2-MT from aqueous systems with adsorption proces
the goal of sustainable use of water resources. The Freundlich and Langmuir adsorption isotherms were adopted to examine the
behavior of two types of 2-MT (i.e., 2-MT molecule and 2-MT complex) on activated carbon (AC) Chemviron Filtrasorb 400 (F 400)
different solutions. The results of adsorption isotherm data showed that the adsorption ability of 2-MT molecule is much higher
of 2-MT complex, whose ability may be reduced due to the electrostatic repulsion. The good applicability of Langmuir adsorption
to experimental data indicated that the adsorption of 2-MT complexes on F 400 might be limited to a monolayer. Higher ionic stre
lower pH value of the solutions promoted the uptake of 2-MT onto F 400 from the solutions. In addition, not only 2-MT molec
complex but also Cu(II) can be adsorbed on the surface of F 400, which was demonstrated by energy dispersive analysis of X-ra
Effects of the two major interactions, chemical and physical interactions, on the adsorption of 2-MT on F 400 were compared as w
study.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

2-Mercaptothiazoline (2-MT) is commonly used as
organic corrosive as well as a diffusion inhibitor due
the electron donor properties of N and S atoms, which
sult in adsorption/complexation behavior on the surfac
the metal [1,2]. In order to reach the goal of a sustaina
process, recycling and reusing the wastewater/process
ter demands immediate attention, which is a task and c
lenge for scientific engineers. Liquid-phase adsorption,
separation process, is widely applied in drinking water
industrial wastewater treatments. Granular activated ca
(GAC) plays an increasing role in water/wastewater tr
ment because it effectively removes a wide variety of orga
compounds and can be easily fitted to the treatment pl
while powder-activated carbon (PAC) is still mostly used
the drinking water treatment. For successful design and o
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ation, the rate and ultimate capacity of activated carbon (
need to be quantified according to the conditions assoc
with the real treatment system [3]. Adsorption isotherm
fundamental and essential as a first step in designing
process no matter what the system is (e.g., batch or fixed
adsorber system). Furthermore, if the ultimate capacit
computed from the adsorption isotherm, it may be used to
timate the lowest carbon dosage for the wastewater treat
to reach economic benefit. The previous study [4] sho
that it is feasible to use AC to remove polyethylene gly
on the AC from the electroplating solution, thereby achi
ing the benefit of recycling. Hence, the adsorption proc
ought to be a practical technique for eliminating the 2-M
from the aqueous systems and then to reach the goal o
tainable use of the water resource.

Numerous publications in the literature on adsorption
organics on AC have been available in the past (for ex
ple, Refs. [3–7]). However, the real mechanisms and p
nomena on the surface of AC during adsorption, such
microporosity, hindered diffusion, interactions between

http://www.elsevier.com/locate/jcis
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new adsorbates and ACs, effects of properties of the s
tion, and competition of the possible adsorbates still nee
be understood. The goal of this study is to investigate the
sorption behavior of 2-MT in different aqueous systems. T
adsorption capacities of 2-MT affected by the ion streng
the pH value, and the characteristics of 2-MT compon
(e.g., forming metal complex or not), were also compa
and discussed. In addition, the effect of microporosity
the AC on adsorption was examined to elucidate the im
tance of chemical and physical interactions.

2. Materials and methods

2.1. Adsorbent

Activated carbon, Chemviron Filtrasorb 400 (F 400), w
a particle size range between 12 and 40 mesh was used
adsorbent. The mean particle size of F 400,dp = 1.04 mm,
was calculated from the sieve analysis of the represent
samples obtained from a rotating sample-splitting device
means of the weight percentages of particles in the di
ent sieve sizes. The physical characteristics of F 400,
as the BET specific surface area, the specific external
face area, the average true particle density, particle poro
etc., are shown in Table 1. The pretreatment of the adsor
comprised several steps. First, the adsorbent was wash
distilled water to remove the crushed carbon fines. Sec
it was dried at 383 K in a vacuum oven overnight and th
stored in a desiccator. Finally, it was wetted in the spec
wetting solutions under vacuum, prior to both bottle-po
and short fixed-bed reactor (SFB-reactor) experiments.

2.2. Aqueous systems

Several kinds of aqueous solvents were used to in
tigate the adsorption behavior of 2-MT by AC, as list
in Table 2. Two pairs of aqueous solutions (e.g., SMT, e
and SMT,0.25, and SMT,0.25 and SMT,6) were used to in-
vestigate the effects of copper sulfate and pH, respectiv
In addition, the value of the correction factor,fβ = 2.18,
e

,
t
y
,

for SFB-reactor experiments were average values obta
from the adsorption of standard compounds ofp-nitrophenol
(PNP) and anthraquinone-2-sulfonate (ACS). The calc
tion is based on the available liquid phase diffusion coe
cients (DL) [6]. Detail computation offβ can be referred to
the study of Chang [8].

2.3. Target adsorbate

2-Mercaptothiazoline was reagent grade provided
Merck and used as the main target adsorbate in this s

Table 1
Physical characteristics of Chemviron Filtrasorb 400 (F 400)

Property Value

Mesh size 12–40
Average particle diameter,dp (mm) 1.044
Specific external surface areaa, as (m2/kg) 5.76
Average true particle densityb, ρs (kg/m3) 2180
Apparent particle densityb, ρp (kg/m3) 1000
Filter layer densityc, ρF (kg/m3) 530
Particle porosityd, εp (–) 0.54
Filter voidaged,e, εF (–) 0.47
Langmuir specific surface areaf (m2/g) 1363
Total pore volumeg (cm3/g) 0.616
Micropore volumeh (cm3/g) 0.443
Meso- and macropore volumei (cm3/g) 0.173
Average pore diameterj (Å) 18
Average pore hydraulic radiush (Å) 3.6

a Assumed as spherical particle and calculated usingas = 6/(ρpdp).
b Data from the pycnometry experiments.
c In a water-filled bed.
d Calculated usingεp = 1− (ρp/ρs ).
e Calculated usingεF = 1− (ρF /ρp).
f Data from the surface area determined by N2 adsorption at 77 K in the

volumetric equipment, ASAP 2010.
g Data from the analysis by the single point method with pore size

than 800 Å.
h Data from the analysis by the micropore method (MP method) w

pore size between 2.4 to 17.6 Å.
i Data from the difference between total pore volume and microp

volume.
j The pore size distribution is from 17 to 3000 Å determined by the B

integration method.
t-

t-
-

er.
Table 2
Identification and compositions of the aqueous systems

Solution ID Composition Note

Se Electroplating solution, containing concentrated sulfuric acid, H2SO4(conc), of 60 g dm−3,

CuSO4·5H2O of 200 g dm−3, and concentrated hydrochloric acid, HCl(conc), of 30 mg dm−3.
The pH value of Se is around 0.25.

Simulating the copper electropla
ing solution.

SMT, e Electroplating solution, containing concentrated sulfuric acid, H2SO4(conc), of 60 g dm−3,

CuSO4·5H2O of 200 g dm−3, and concentrated hydrochloric acid, HCl(conc), of 30 mg dm−3.
The pH value of SMT, e is around 0.25. The only organic compound in the solution SMT, e is
2-mercaptothiazoline (2-MT) at various concentrations.

Simulating the copper electropla
ing solution with various concentra
tions of 2-MT.

SMT,0.25 Distilled water containing HCl(conc), of 30 mg dm−3, with the same pH value as electroplating
solution, adjusted by H2SO4(conc). The only organic compound in the solution SMT, 0.25 is 2-MT
at various concentrations.

SMT, 6 Distilled water with dissolution of 2-MT of 0–10 mg dm−3. The pH value of SMT, 6 is around 6.15. Simulating the general wastewat
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The initial concentration of 2-MT for SFB-reactor expe
ments was around 10 g m−3, while that for the isotherma
adsorption experiments was between 0 and 50 g m−3.

2.4. Analytical measurements

Prior to the analysis, all the samples were filtra
through a 0.45-µm membrane. Three methods and thre
alyzers, i.e., total organic carbon (TOC) analysis (O.
M-700/Carbon Analyzer Dohrmann DC-80), UV spe
trophotometry (Perkin–Elmer UV/VIS Lambda 3), and hi
performance liquid chromatography (HPLC, HP1090) w
used to determine the concentrations of organic adsorb
in this study. The analytical conditions for detection of
ganic adsorbate are as follows. The wavelengths used in
spectrophotometry for 2-MT was 270 nm. An ODS Hype
column and a DAD diode array detector were used in HP
The HPLC method for the analysis of 2-MT is so-called io
pair chromatography, which is suitable for trace-level de
mination [9]. The eluent for HPLC analysis was compo
of 73.7 vol% of 5.42 mmol tetrabutylammonium hydroge
sulfate in H2O and 26.3 vol% of acetonitrile.

2.5. Adsorption behavior

Due to the restricted validity of the Freundlich isother
the final concentrations of adsorbates were specially sele
to obtain the suitable adsorption isotherms. Various we
ratios of 2-MT to AC were prepared to get different bott
point data. The bottles were shaken at 298 K until the c
centrations of filtrate did not change within a range of±3%.
Since it is preferable to use the weight concentration u
for investigating the removal efficiency in wastewater tre
ments, the units of g m−3 and g kg−1 for the liquid and solid
phases were used for all the compounds in this study.

2.6. Energy dispersive analysis of X-ray (EDAX)

Before the EDAX analysis, the samples were conti
ously and repeatedly eluted by distilled water (with cond
tivity of about 0.8–0.9 µ✵/cm) until the conductivity of the
solution was the same as that of the distilled water, wh
can ensure that electrolytes and adsorbates, and nonsp
compounds were no longer present in the aqueous p
nor adsorbed on the solid surface, respectively. Thus, a
samples were dried in the oven at 373 K over night. T
experiments were carried out by a Hitachi S-2400 scan
electronic microscope with an EDAX KEVEX Level 4. Th
scanning energy varied between 0 and 10.23 keV and
elapsed time was 100 s.

2.7. Liquid-phase diffusion coefficient

The short fixed bed reactor experiments were use
determine the liquid-phase diffusion coefficient,DL. The
length and diameter of the SFB-reactor were 20 and 2
-

s

c
,

respectively. The amount of adsorbent (F 400) used in
test was about 3 g per experiment. The temperature fo
solution containing 2-MT was kept constant at 298 K, wh
was carefully controlled because the effect of tempera
is significant for the kinetics of adsorption [6]. To avoid
bubbles in the carbon bed, the column was packed under
cific wetting solution using distilled water at the pH value
0.25. The filter velocities were well controlled at 5, 8, 1
15, and 20 m/h, respectively. The values ofDL in differ-
ent aqueous systems were calculated by using the Gnie
correlations [10].

3. Results and discussion

3.1. Formation of complex salt

The pKa value of 2-MT, 11± 0.1, was determined b
Mahal and Mukherjee [1]. The low pKa value may indi-
cate that 2-MT, with the structure shown in Fig. 1, is alm
completely present in molecular form without dissociat
in the three solutions applied (i.e., SMT, e, SMT, 0.25, and
SMT, 6). Fig. 1 shows that 2-MT is an electron-pair don
as the Lewis base, and may belong to the polydentate lig
because one 2-MT melecule has the electron donor p
erties of not only N-atoms but also S-atoms [11]. Vario
initial concentrations (CMT, e,0) of 2-MT in the solution of
SMT, e were employed to examine the formation of me
complexes. Both time variations of 2-MT concentratio
(CMT, e) in the SMT, e solution in terms of 2-MT and TOC
measured by HPLC and TOC analyzers, respectively, w
studied. As shown in Fig. 2 forCMT, e determined by HPLC
the residual concentrations of 2-MT (C∗

MT, e = (CMT, e,0 −
CMT, e)/CMT, e,0) strongly decreased with time forCMT, e,0
values higher than 2 g m−3, say 10 and 100 g m−3. How-
ever, the time variations ofC∗

MT, e in terms of TOC did no
show any significant differences no matter how high
value ofCMT, e,0 was in this study. This may be because
Cu(II) in the solution SMT, e forms metal chelate Schiff bas
complexes with 2-MT (i.e., Lewis base, providing unsha
electron pairs), which cannot be determined by HPLC an
sis. In addition, an interesting phenomenon was discov
in the case ofCMT, e,0 = 250 g m−3, where the color of the
solution SMT, e (close system) was changed after two we
and some powdered precipitate was formed in the solu
Because Cu(II) is much difficult to be further oxidized
Cu(III) while fairly unstable in the environment, Cu(II) ma
be reduced to Cu(I) and then form neutral, water-insolu
complexes: [CuCl]s , or [Cu(2-MT)nCl]s when the Cl− acts
as the bridge [11]. One of the possible values ofn is 2 (i.e.,

Fig. 1. Structure of 2-mercaptothiazoline.
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Fig. 2. Dependence of residual concentrations (C∗
MT, e) of 2-mercaptothia-

zoline (2-MT) molecules on time in the electroplating solution (Se) de
mined by HPLC analyzer. Experimental data with initial concentration
2-MT (CMT, e,0) for 1 (!), 2 (E), 10 (1), and 100 g m−3 (P), respec-
tively. C∗

MT, e = (CMT, e,0 −CMT, e)/CMT, e,0; CMT, e = concentration of
2-MT at timet .

Table 3
Ionic composition of F 400 impregnated in various solutions measure
energy disperse analysis of X-ray (EDAX)

Sample Ionic composition (wt%)

Al Si Fe S Cl Cu

Originala 17.05 35.87 8.47 36.67 1.93 –
Ab 7.08 18.10 6.04 41.44 15.29 11.33
Bc 9.31 16.23 3.82 39.13 14.74 16.76

a F 400 activated carbon analyzed by EDAX without any pretreatme
b F 400 impregnated in the solution Se with the ratio of 0.5 g/dm3 for 7

days.
c F 400 impregnated in the solution SMT, e with the ratio of 0.5 g/dm3

for 7 days, in which the concentrations of 2-MT is 50 g m−3.

[Cu(2-MT)2Cl]). According to a previous study [12], Cu(
may be coordinated by 2 S atoms, which are in the posi
of SH of two 2-MT molecules as illustrated in Fig. 1, and
Cl atom in the geometry of trigonal plane. Furthermore,
tween Cl and two 2-MT molecules, two hydrogen bonds
held in the intermolecule. The clear and exact mechan
related to electron transfer reactions would need further
amination using a precise and delicate design.

3.2. Adsorption of copper ions

The ionic composition and EDAX spectra of F 400 sa
ples are listed in Table 3. The result for original activa
carbon F 400 shows that the major bulk components are
Si, Fe, S, and Cl, with Si being the most abounding elem
The F 400 impregnated in Se solution revealed that Cu(II
was indeed adsorbed by F 400 in the solution of pH 0
This may be because Cu(II) forms a coordination comp
with the functional group on the F 400 surface so that
Cu(II) was not washed out with the distilled water. The p
vious study [5] showed that when the pH value of the so
tion was lower than 3, the amount of Cu(II) adsorbed fr
aqueous solution was very high and behaved like the ty
phenomenon of the BET classification, which can be in
preted as the adsorption of Cu(II) on F 400 being limited
a monolayer. Similar results were obtained when the F
was impregnated in SMT, e solution. For the latter two case
with Se and SMT, e, the weight percentages of both S and
on the sample surface increased, leading to the interpret
that the sulfate and Cl may also be adsorbed on F 400 d
the electrical neutralization in Se and SMT, e solutions. How-
ever, in solution SMT, e, additional phenomena may occu
i.e., the adsorption of 2-MT and Cu(II) complex salt.

3.3. Adsorption behavior

For investigation of the adsorption behavior of 2-MT
F 400 in this study, the initial concentrations of 2-MT we
smaller than 60 g m−3 in order to ensure that no precipitatio
occurred in the aqueous system before the adsorption
librium was reached. The empirical Freundlich and La
muir isotherms, which correspond to the heterogeneous
homogeneous adsorbent surfaces, respectively, were us
correlate the experimental data as follows:

(1)qe = kFC1/nF
e ,

(2)qe = QLKLCe

1+KLCe .
In Eqs. (1) and (2),qe andCe are the adsorbate conce
trations in the solid and liquid phases at equilibrium,
spectively. ThekF andnF are the Freundlich isotherm co
stants, which represent the adsorption capacity and stre
of adsorption, respectively.QL andKL are the Langmuir
isotherm constants, in which the first one represents
monolayer adsorption capacity. The constants in the m
els can be obtained by linearizing the above equation
follows:

(3)lnqe = lnkF + nF lnCe,

(4)
1

qe
= 1

QLKL

1

Ce
+ 1

QL
.

The results are shown in Table 4 and Fig. 3.
As mentioned above, there are two types of adsorb

(i.e., 2-MT molecule and 2-MT complex) in the SMT, e so-
lution, while 2-MT molecules only exist in the solution
SMT, 0.25 and SMT, 6. Comparing the results in the range
equilibrium concentrations (Ce) between 0 and 2 g m−3 in-
dicates that the adsorption capacity (expressed bykF ) of
2-MT on F 400 in SMT, e was greater than those in SMT, 0.25
and SMT, 6, but the reverse held for the strength of adso
tion of nF of 2-MT on F 400. The higherkF values may
be because the double layer of activated carbon F 400
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very effectively reduced when copper sulfate is presen
SMT, e, while the lowernF may be attributed to the reaso
that the unpaired ions of 2-MT are also compressed re
ing in low strength of adsorption. However, the experime
data show that there is not much difference ofkF between
solutions of SMT, e and SMT, 0.25 compared to the solutio
SMT, 6, in which thekF is much lower than those in SMT, e

and SMT, 0.25. It is obvious thatkF for the adsorption of 2-MT
molecules on F 400 is much greater than for 2-MT co
plex no matter what kind of solution systems contains
2-MT molecules. Comparing the Freundlich isotherm c
stants of 2-MT molecules (withCe of 0–2 g m−3) and com-
plexes (withCe of 0–40 g m−3) in SMT, e, the closenF but
very differentkF values show that the adsorption stren
of 2-MT (molecules and complexes) on F 400 are sim
This may be due to the fact that the adsorption of 2-

Table 4
Isotherm parameters and correlation coefficients (r2) of 2-MT in various
aqueous systems

Equilibrium concentration range: 0–2 g m−3

System kF (g(1−1/n)
F

kg−1 m3/n
F

) nF (–) r2
F

SMT, e 230 1.5 0.9759
SMT, 0.25 202 3.3 0.9686
SMT, 6 84 2.1 0.9054

Equilibrium concentration range: 0–40 g m−3

System kF (g(1−1/n)
F

kg−1 m3/n
F

) nF (–) r2
F

SMT, e 18 1.58 0.9451
QL (g kg−1) KL (m3 g−1) r2L

270 0.043 0.9791
molecules and complexes on F 400 surface is resulting
the hydrophobic attraction while the electrostatic repuls
reduces the adsorption capacity of 2-MT complex on the
face. Furthermore, the Cu(II) species adsorbed on the F
surface also have the same negative effect on 2-MT c
plexes. Therefore, the adsorption of 2-MT complexes o
400 is not favorable in SMT, e solution.

Adsorption of organic matters onto activated carbon n
mally occurs because of two major interactions: physical
chemical interactions, from which the former mainly ref
to the size exclusion and microporosity effect and the la
chiefly concerns about the chemical nature of the adsor
and adsorbate, and the composition of the solvent [7]. F
the results of the SFB-reactor experiments, the liquid-ph
diffusion coefficients (DL) of 2-MT molecule in three solu
tions were 5.3 × 10−10 m2/s in SMT, 6, 8.0 × 10−10 m2/s
in SMT, 0.25, and 9.7 × 10−10 m2/s in SMT, e, respectively,
in which the first was calculated using Wilke–Chang c
relations [13]. Furthermore, if the Stokes–Einstein equa
(DL = (kT )/6πµBR) is adopted to calculate the hydr
dynamic diameter (R) of 2-MT in different solutions, the
values ofR in sequence are 2.8, 5.2, and 8.2 Å for the
lutions SMT, e, SMT, 0.25, SMT, 6, respectively. It was expecte
that the high adsorption potential of 2-MT of low molecu
weight on F 400 can be obtained due to the high micr
orosity of the F 400. Comparing the ratios of the aver
diameter of the pore size (18 Å) to the hydrodynamic dia
eters (2.8, 5.2, and 8.2 Å) of the 2-MT in various solutio
it can be noted that at low concentrations 2-MT can ac
all the micropores of the F 400 in all three solutions. Th
the adsorption of 2-MT at low concentrations does not re
uir
Fig. 3. Adsorption isotherms of 2-MT molecule and complex in various solutions. Experimental data of 2-MT species in solutions of SMT, e (!), SMT, 0.25 (1),

and SMT, 6 (E) with the equilibrium concentrations of 2-MT molecules in the range 0–2 g m−3. (P) Experimental data of 2-MT copper complex in SMT, e

solution with equilibrium concentrations of 2-MT complex species in the range of 0–40 g m−3. (—), (- - -) data simulated by Freundlich and Langm
isotherms (values ofr2 are indicated in Table 3).
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in a steric hindrance inside the micropores, and, theref
the size exclusion and microporosity effect may not aff
the adsorption of 2-MT molecules inside the micropores
the F 400. However, the uptake of 2-MT molecules on F
from the solution SMT, 6 was indeed reduced very strong
A further comparison of the uptake of 2-MT molecules
SMT, e and SMT, 0.25with SMT, 6 indicates that lower pH valu
and higher ionic strength promote the uptake of 2-MT mo
cules on F 400. However, the addition of more copper sul
(i.e., increase of the ionic strength) could not significan
enhance the adsorption of 2-MT molecules on F 400 w
the pH of solution had the low value of 0.25.

When the 2-MT molecule formed metal–chelate Sc
base complexes (2-MT complex) in the SMT, e, the adsorp-
tion phenomena could be considered as an organic ion
sorbed on the surfaces of F 400. The F 400 surface acq
a positive surface charge by the adsorption of the ions
the surface, due to the cause that the pH value of the solu
is lower than pHPZC. Organic ions are electrostatically r
pelled from the diffusion layer so that their concentration
the diffusion layer is lower than that in the bulk solution. A
increase of the ionic strength of the bulk solution by the e
trolyte not only increases the adsorption of organic ions (
the surface excess) but also compresses the diffusion p
double layer [14]. The forces responsible for the adsorp
of the organic ions may mainly be due to the noncoulo
bic force, such as dispersion forces, hydrogen bonding,
so on in SMT, e [14]. The ion exchange and surface co
plexation formed by the 2-MT complex and the function
groups play minor roles in the adsorption of 2-MT comp
on the mainly hydrophobic surface of the F 400. In ad
tion, the uptake of 2-MT complexes on F 400 is smalle
SMT, e, due to (1) the electrostatic repulsion between the
sorbed 2-MT complexes, (2) the occupation of the surfac
Cu(II), and (3) the occurrence of a positively charged surf
when the pH of the solution was lower than pHPZC. There-
fore, the adsorption of 2-MT complex might be limited
the monolayer on the positively charged surface of F 4
It is noted that the Freundlich isotherm can often desc
the experimental data satisfactorily in a small concentra
range. However, when the Langmuir isotherm well descr
the experimental results by comparing the values of the
relation coefficients, this implies that the adsorption of
adsorbate on the adsorbent is likely limited to the monola
As a result, it is concluded that the adsorption of 2-MT co
plex onto the positively charged surface of F 400 might
limited to a monolayer.

4. Conclusions

The formation of metal–chelate Schiff base comple
(i.e., 2-mercaptothiazoline copper complex, 2-MT compl
in the electroplating solution (Se) has been demonstrate
by analyzing the samples with HPLC and TOC analyz
when the initial concentration of 2-MT in Se was greater
-

f

than 2 g m−3. Therefore, two types of adsorbates (i.e., 2-M
molecule and 2-MT complex) have to be assumed in
solution SMT, e, while only 2-MT molecules exist in the solu
tions SMT, 0.25 and SMT, 6. In addition, electron transfer rea
tions may occur in the system to reduce Cu(II) to Cu(I) a
then form neutral, water-insoluble complexes. The ED
spectra of activated carbon F 400 show that the major
components are Al, Si, Fe, S, and Cl, with Si being the m
abounding element. In addition, Cu(II) can be adsorbed o
F 400 in the solution Se at pH 0.25 due to the formation of
coordinate complex with the functional group on the F 4
surface.

Adsorption of 2-MT on F 400 demonstrates that
adsorption capacity for 2-MT molecules in sequence
SMT, e = SMT, 0.25> SMT, 6 in the range of equilibrium con
centrations between 0 and 2 g m−3. The 2-MT complexes
exhibit the smallest uptake by F 400. The excellent appl
bility of the Langmuir isotherm to experimental data indic
that the adsorption of 2-MT complexes on F 400 might
limited to a monolayer. The adsorption strength of 2-M
molecules and complexes on F 400 result from their s
ilar hydrophobic attraction. The adsorption capacity of
former was much greater than that of the latter due to
electrostatic repulsion of 2-MT complexes on the surf
which inhibit the adsorption of 2-MT complexes on F 4
in a SMT, e solution.

The hydrodynamic diameters (R) of 2-MT in various so-
lutions calculated by Stokes–Einstein equation are 2.8,
and 8.2 Å for the solutions SMT, e, SMT, 0.25, SMT, 6, respec-
tively. A high adsorption capacity of 2-MT of low molecul
weight onto F 400 can be obtained due to high microporo
and nonsteric hindrance, so that physical interaction doe
play an important role in adsorption of 2-MT molecules
F 400 in this study. Lower pH value and higher ionic stren
promote the uptake of 2-MT molecules on F 400, wh
the uptake of 2-MT complexes on F 400 was restrained
electrostatic repulsion. Thus, the chemical interactions
significant and predominant over the physical interacti
with respect to the adsorption capacity of 2-MT molecu
on F 400.
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Appendix A. Nomenclature

AC Activated carbon
ACS Anthraquinone-2-sulfonate
as Specific external surface area (m2/kg)
BET The specific surface area obtained following

Brunauer, Emmett, and Teller theory
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Ce Adsorbate concentration in the liquid phase at eq
librium with qe (g m−3)

CMT Concentration of 2-MT
CMT, e CMT in SMT, e solution at timet
CMT, e,0 CMT, e at time= 0
C∗

MT, e (CMT, e,0 −CMT, e)/CMT, e,0

DL Liquid diffusivity, liquid diffusion coefficient
(m2/s)

dp Mean particle size (mm)
EDAX Energy dispersive analysis of X-rays
F 400 Chemviron Filtrasorb 400
fβ Correction factor for particle shape (ratio of exp

imental to correlation values ofβLas = (βLas)exp/

(βLas)cor)
GAC Granular activated carbon
k Boltzmann constant, 1.381× 10−23 J K−1

kF Freundlich isotherm constant as specified in Eq.
KL Langmuir isotherm constant as specified in Eq.
MP Micropore
2-MT 2-mercaptothiazoline
nF Freundlich isotherm constant as specified in Eq.
PAC Powder activated carbon
PNP p-Nitrophenol
pHPZC pH value at the point of zero charge
qe Adsorbate concentration in solid phase at equi

rium with Ce (mg/g or mol/kg)
QL The monolayer adsorption capacity as specifie

Eq. (2)
R Solute radius, hydrodynamic radius, equivalent

dius (Å)
r2 Correlation coefficient
Se Electroplating solution
SMT, e, Aqueous solutions with different compositions a
SMT,0.25, specified in Table 2
SMT,6

SFB Short fixed-bed
T Absolute temperature (K)
TOC Total organic carbon
t Adsorption time or elapsed time (h)
ZPC Zero point charge
βL Film mass transfer coefficient gained from SFB
actor (m/s)

βLas Specific value ofβL (m3/s/kg)
(βLas)exp, βLas obtained by experiments and correlation
(βLas)cor
εp Adsorbent porosity
εF Filter bed voidage
µ Dynamic viscosity (cp)
µB µ of solvent (cp)
µw µ of water (cp)
υ Kinetic viscosity (µ/ρ, m2/s)
ρ Density (kg/m3)
ρF Filter bed layer density (kg/m3)
ρp Apparent particle density (kg/m3)
ρs Average true particle density (kg/m3)
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