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Abstract This study focused on evaluating the efficiency
of powdered activated carbon (PAC) adsorption process
and tackling chlorobenzenes and chlorophenols spill in
drinking water source. The adsorption kinetics and PAC’s
capacities for five chlorobenzenes and three chlorophenols
at drinking water contamination levels were studied in
order to determine the influence of different functional
groups on the adsorption behavior. The results showed that
PAC adsorption could be used as an effective emergency
drinking water treatment process to remove these com-
pounds. The adsorption kinetics took 30 min to achieve
nearly equilibrium and could be described by both pseudo
first-order and pseudo second-order models. A mathematic
relationship was developed between the pseudo first-order
adsorption rate constant, k1, and the solutes’ properties
including lgKow, polarizability and molecular weight. The
Freundlich isotherm equation could well describe the
adsorption equilibrium behaviors of chlorinated aromatics
with r2 from 0.920 to 0.999. The H-bond donor/acceptor
group, hydrophobicity, solubility and molecular volume
were identified as important solute properties that affect the
PAC adsorption capacity. These results could assist water
professionals in removing chlorinated aromatics during
emergency drinking water treatment.
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1 Introduction
Chlorinated aromatics were widely used in the chemical

industry as solvents and intermediates for pesticides, dyes
manufacture etc [1,2]. The environmental concerns of
chlorinated aromatic pollutants are due to their potential
chronic biotoxicity [3–5]. There are 25 chlorinated
aromatics among the 126 priority pollutants provided by
the Environmental Protection Agency, USA [6]. The
primary monocyclic chlorinated aromatics are chlorophe-
nols and chlorobenzenes, taking up 11 kinds out of the 126
priority pollutants. Chlorinated aromatics have been found
ubiquitously in surface water, groundwater and soil
samples due to chemical spills and industrial discharges,
imposing severe threats to the drinking water safety and
public health [7–9].
Previous studies have found that conventional drinking

water treatment processes were not efficient enough for
chlorinated aromatics removal [10]. Some chlorinated
aromatics are volatile and can be removed by air stripping
process [11,12]. However, the transfer of these toxic
chemicals into air phase would cause air quality concerns
and the efficiency is limited for most of chlorinated
aromatics [13]. Anaerobic biodegradation were used to
remove chlorinated aromatics in wastewater treatment
[14,15]. However, biodegradation processes required a
high organic load and a long detention time for micro-
organism cultivation. The advanced oxidation processes,
such as Fenton reaction and UV/H2O2, were also not
practical in emergency responses to these pollutants
because of preparation and high cost of operation [16–18].
The performances of activated carbon adsorption for

aromatic compounds in aqueous solutions have been
studied and applied in emergency response [19–22].
Powdered activated carbon (PAC) adsorption is one of
the best technologies available for organic pollution
emergency treatment as it can adsorb many kinds of
organic compounds [16]. In addition, PAC can be applied
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easily and quickly in drinking water treatment plants.
Nevertheless the information for comprehensive under-
standing the adsorption of chlorinated aromatic onto PAC
is still limited:
1) Currently, Few adsorption characteristics are clearly

understood for a large variety of chlorinated aromatics in
practice. The previous studies focused only on the
adsorption equilibrium, kinetics and thermodynamic of a
few chlorinated aromatics on PAC [5,23–26].
2) The activated carbon adsorption isotherms reported in

previous studies were usually studied under the condition
of much higher equilibrium concentration than the
drinking water criteria levels. This could lead to a large
difference in isotherms. de Ridder et al. [21] modeled
equilibrium adsorption of six chlorinated aromatics
(chlorobenzene, 1,2-dichlorobenzene, 1,3-dichloroben-
zene, 1,4-dichlorobenzene, 1,3,5-trichlorobenzene and
pentachlorophenol) at only two equilibrium concentrations
of 0.1 umol$L–1 and 1 umol$L–1. This narrow range of the
adsorption data makes it difficult to calculate accurate
adsorption capacity at the concentration level much lower
than the needed one in order to maintain drinking water
quality.
3) The impact of hydrogen bonding and chlorine groups

of chlorinated aromatics on activated carbon adsorption
capacity were not evaluated in previous studies.
This study would evaluate the efficiency of PAC process

on tackling the possible chlorinated aromatics spill in
drinking water sources. Thus, the specific objectives of this
study were to test the kinetics and capacities of chlorinated
aromatics adsorption on PAC at the low concentration
levels amenable to drinking water quality. More impor-
tantly, the adsorption characteristics of these chlorinated
aromatics were evaluated on the basis of the effect of
hydrogen bonding, hydrophobicity, solubility and mole-
cular structure. These results could improve our under-
standing of the adsorption characteristics of chlorinated
aromatics and model adsorption of chlorinated aromatic
compounds onto activated carbon at trace level.
Besides the chlorinated aromatics, this approach could

also be applied to predict the adsorption characteristic and
develop the emergency treatment process to address other
organic chemical spills, such as those happened in the
Songhua River, China in 2005 [16] and West Virginia, US
in 2014 [27].

2 Materials and methods

2.1 Materials

2.1.1 Tested chemicals

Several regulated chlorinated aromatic compounds were
selected according to the Drinking Water Quality Stan-

dards of China (GB5049-2006) and the Environmental
Quality Standards for Surface Water of China (GB 3838-
2002). The chemicals used in the experiment were
obtained from Sigma-Aldrich (Sigma, USA). Table 1
showed the basic information of the molecular structure
and the drinking water standards of these compounds. The
limiting concentration of these compounds in drinking
water standards were between 0.001 mg$L–1 to 1 mg$L–1.
The initial concentrations of experiments were set around
five times of drinking water criteria to simulate the possible
chemical spill scenario.

2.1.2 Powdered activated carbon

A commercial coal-based PAC (MWF-200) was obtained
from Shanxi Xinhua Activated Carbon Corp (Taiyuan,
China). The PAC sample was sieved by 200-mesh and
dried at 105°C for 24 h, and then cooled and stored in a
desiccators. The physical characteristics and pore size
distribution of the PAC was summarized in Table 2.

2.2 Methods

2.2.1 Adsorption kinetic

Adsorption kinetic experiments were carried out to
investigate the apparent adsorption rate of chlorinated
aromatics onto PAC with pH at 7.2 by a phosphate buffer
solution of 1mmol$L–1. All solutions were prepared with
Milli-Q water (Millipore, USA). The initial concentrations
of chlorinated aromatics were set as 5 times of their
drinking water criteria, as shown in Table 1.
The kinetic experiments were carried out in several

amber bottles with the same initial concentration. 20 mg
$L–1 PAC were added into each amber bottles for
contaminants adsorption. The aqueous samples were
took and filtered at different time to analyze the residual
concentration until equilibrium.

2.2.2 Adsorption capacity

For isotherm experiments, series concentrations of virgin
PAC were added to amber bottles containing same initial
concentrations of chlorinated aromatics. As shown in Table
1, the initial concentrations of chlorinated aromatics were
set around five times of drinking water criteria. The amber
bottles were kept headspace-free to prevent pollutants
losses by volatilization. All bottles were sealed with PTFE
and placed on a temperature controlled rotary tumbler at
25°C. In parallel, one blank control (chlorinated aromatics
solution without PAC addition) was included in each test to
evaluate the sample loss during sample filtration and etc.
Less than 5% loss of blank control was observed during the
tests, which verify the excellent quality assurance and
quality control.
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2.2.3 Influence of pH on adsorption

A notable portion of chlorophenol would exist in the form
of ionized species under condition of pH> pKa - 1. At pH
7.2, 2,4-dichlorophenol (pKa = 7.89) and 2,4,6-trichlor-
ophenol (pKa = 6.59) exist partially in acidic form and
partially as phenolate ions, which would greatly decrease

capacities. Thus, the adsorption isotherms in a more acidic
atmosphere, i.e. pH 3.5, were conduct by adjusted with
HCl solution to study the adsorption isotherms of
chlorophenols into the neutral molecules. The PAC
adsorption capacities for these chlorophenols under
different pH conditions were compared to determine the
influence of solution pH on the adsorption characteristics.

Table 1 Basic information of the tested chemicals

chemicals structure molecular
weight1

/(g$mol–1)

molecular
volume1

/nm3

polariz-
ability1

pKa1 lgKow
1 solubility1

/(mg$L–1)
drinking water

standards/(mg$L–1)

China2 USA3

2,4-dichloro-phenol 163 0.118 14.75 7.89 3.10 1100 0.093 -

2,4,6- trichloro-phenol 197 0.132 16.73 6.59 3.58 900 0.2 /

pentachloro-phenol 266 0.161 20.81 4.68 5.12 14.0 0.009 0.001

chloro-benzene 113 0.096 12.19 / 2.84 440 0.3 0.1

1,2-dichloro-benzene 147 0.110 14.11 / 3.28 140 1.0 0.6

1,4- dichloro-benzene 147 0.110 14.07 / 3.34 72.0 0.3 0.075

1,3,5-trichloro-benzene 181 0.124 16.02 / 4.19 6.01 0.02 0.074

hexachloro-benzene 285 0.166 22.12 / 5.75 0.0078 0.001 0.001

Note: 1The physical chemical properties were calculated by the software of ACDlabs(ACD/PhysChem Suite); 2Standards for drinking water quality (GB 5749-2006)
and Environmental quality standards for surface water (GB 3838-2002) in China; 3The maximum contaminant level in the national primary drinking water regulations
of the USA; 4The contaminant in the national primary drinking water regulations of the USA is 1,2,4-trichlorobenzene
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2.3 Chemical analysis

The residual concentrations of chlorinated aromatics in the
solution were analyzed with a high performance liquid
chromatography system (HPLC, 1260 infinity, Agilent
Technologies, USA). An Eclipse Plus C-18 column
(Agilent Technologies, USA) was used and set at 40°C.
The mixture of methanol and water was used as mobile
phase and pumped with a flow rate of 0.5 mL$min–1. The
solid-phase concentration on the PAC was calculated by
mass balance.

2.4 Data interpretation

2.4.1 Adsorption kinetics

Two kinetic models (pseudo first-order, Eq. (1) and pseudo
second-order, Eq. (2)) were used to fit the adsorption
kinetic curves [28].

qt ¼ qe$
�
1 – expð – k1⋅tÞ

�
, (1)

where qt (mg$g–1) is amount of the adsorbed chemical at
time t; qe is the maximum amount of the adsorbed chemical
by PAC at equilibrium; k1 (min–1) is the pseudo first-order
rate constant.

qt ¼ ðq2e⋅k2⋅tÞ=ð1þ qe⋅k2⋅tÞ, (2)

where k2 (g$(mg∙min) –1) is the pseudo second-order rate
constant.
The parameters of k1, k2 and qe in two kinetic models

were determined by nonlinear regressions using Origin
Analysis (OriginPro 8, OriginLab Corporation, USA).

2.4.2 Equilibrium isotherm

Freundlich isotherm equation, Eq. (3), is commonly used
to describe the performance of activated carbon adsorption
in aqueous solution. It fits well with experimental data at
low contaminant concentrations.

qe ¼ Kf⋅C
1=n
e , (3)

where Ce is the chemical equilibrium concentration in
solution, mg$L–1; qe is the carbon loading or adsorption

capacity at equilibrium, mg$g–1; Kf is the constant at a
certain temperature, [(mg$g–1) � (L$mg–1)]1/n and 1/n is a
dimensionless constant at a certain temperature.
The Freundlich equation can also be log-transformed to

give the Eq. (4).

lgqe ¼ lgKf þ ð1=nÞ⋅lgCe: (4)

3 Results and discussion

3.1 Adsorption kinetics

3.1.1 Adsorption kinetic parameters

Adsorption kinetics is an important characteristic to
determine the PAC contact time for chemical removal.
The adsorption rates of each chlorinated aromatic were
characterized by pseudo first-order and pseudo second-
order models. The parameters of the adsorption kinetics
models were concluded in Table 3.
Both pseudo first-order and pseudo second-order models

well described the adsorption kinetics of these chlorinated
aromatics onto PAC. The correlation fitness coefficients,
r2, of pseudo first-order and pseudo second-order models
were between 0.980 and 0.999. This result was similar to
the one previously reported on monochlorobenzene
adsorption by PAC with initial concentrations of 2.1–4.7
mg$L–1 [23].
As mentioned above, adsorption kinetics is important in

determining the PAC contact time for contapminant
removal in drinking water treatment process. As illustrated
in Appendix Fig. A1, the amount of adsorbed chlorophe-
nols and chlorobenzenes increased rapidly and almost
linearly within the first 10 min, then decreased gradually
with time and reached the equilibrium status in 1–2 h.
Typically, 80% of the equilibrium adsorption capacity was
achieved within 10 min and 95% was achieved within 30
min. These results show the feasibility of PAC adsorption
as an emergency response technology in drinking water
treatment plants where the hydraulic retention time for
coagulation and flocculation is generally no shorter than
30 min. If the PAC could be fed into the water intake, the
adsorption capacity could be better fully utilized during the
transportation via the source water pipe.

Table 2 Physical characteristics and pore size distribution of PAC

iodine value /(mg$L–1)
methylene blue value/

(mg$L–1) ash content 200 mesh passing rate
micropore volume /

(cm3$g–1)
specific surface area /

(m2$g–1)

903 142 < 12% > 90% 0.46 853

percentage of pore volume with different diameter /%

< 2nm 2-3 nm 3-5 nm 5-10 nm 10-20 nm > 20 nm

42.3 14.3 16.3 12.4 6.6 8.0
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3.1.2 Factors affecting adsorption kinetics

The constant of the pseudo first-order model, k1, was
chosen to represent the adsorption rate of different
adsorbates because it was independent of concentration
gradient. Thus, the adsorption rate constant would be
described as a function of structure and physicochemical
properties of adsorbate.
It is well known that lgKow represents the polarity of

adsorbate and its repulsion from water phase (or polar
phase) to organic phase (or nonpolar phase); the higher
lgKow, the more easily the chemical can be adsorbed onto
carbon. Polarizability reflects the strength of Van der
Waals’ force; the higher polarizability, the stronger the
interaction is between the adsorbate and carbon. Molecular
weight (MW) stands for the mass of molecule. These
parameters mentioned above could be used as representa-
tive indicators for the adsorption processes [29–31].
To develop the function of the compounds’ physico-

chemical properties and the adsorption rate, k1, the
adsorption kinetics of five chloroaromatics, i.e. 2,4,6-
trichlorophenol, chlorobenzene, 1,2-dichlorobenzene, 1,4-
dichlorobenzene and 1,3,5-trichlorobenzene were tested.
Meanwhile, pentachlorophenol and hexachlorobenzene
were excluded because of a much lower initial concentra-
tion than others. The data point of 2,4,6-dichlorophenol
was slightly far from the line. This could be attributed to
the effect of partial ionization at pH 7.2 according to its
pKa of 6.59 (See more detail in Section 3.2.2). The
correlation coefficient would increase from 0.849 to 0.960
if 2,4,6-dichlorophenol was also excluded.
As demonstrated in Fig. 1, the pseudo first-order

adsorption rate constant, k1, had a close linear relationship
with the product of lgKow, polarizability and the reciprocal
of MW. Noted that the individual correlation coefficients
between k1 with lgKow, polarizability and MWwere 0.841,
0.367 and 0.305 respectively, thus, the result indicated the

function of adsorption rates would be represented as Eq.
(5):

k1¼ 3:12� ðlgKow � polarizabilityÞ=MW – 0:746: (5)

It should also be noted that there is a great correction, r2

= 0.849 between the pseudo first-order adsorption rate
constant, k1, with the product of lgKow equivalent to
hydrophobicity, polarizability equivalent to Van der Waals’
force onto activated carbon, and the reciprocal of MW
equivalent to size. However, this result was a good
regression presently and its physicochemical meaning
needed to be examined further in the future study.

Fig. 1 The relationship between different adsorbates adsorption
rate and product of their physicochemical properties (powder
activated carbon dosage = 20 mg$L–1, Temperature = 25°C and pH
= 7.2)

Table 3 Adsorption kinetic parameters of the chlorinated aromatic compounds

chemical
categories

solutes
C0

/(mg$L–1)

observed
capacity qe
/(mg$g–1)

pseudo first-order model pseudo second-order model

k1/(mg.g–1.
min–1)

r2 calculated qe
/(mg$g–1)

k2/(mg.g–1.
min–1)

r2 calculated qe
/(mg$g–1)

chloro-
phenols

2,4-dichlorophenol 0.471 21.5 0.13 0.98 21.8 0.013 1.0 22.2

2,4,6- trichlorophenol 1.0 48.8 0.26 1.0 47.4 0.013 1.0 49.0

pentachloro-phenol 0.048 2.12 0.084 0.98 2.0 0.053 1.0 2.2

chloro-
benzenes

chlorobenzene 1.6 72.2 0.19 0.98 68.5 0.0030 0.99 76.9

1,2-dichlorobenzene 4.4 143 0.19 0.99 136.7 0.0023 1.0 144.9

1,4- dichlorobenzene 1.6 72.5 0.24 0.99 68.8 0.0046 1.0 73.1

1,3,5-trichloro-benzene 0.097 4.83 0.42 1.0 4.8 0.66 1.0 4.8

hexachloro-benzene 0.037 1.78 0.16 1.0 1.8 0.28 0.98 1.8

Note: powder activated carbon dosage = 20 mg$L–1, Temperature = 25°C, pH = 7.2
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3.2 Adsorption equilibrium

3.2.1 Adsorption isotherms

Adsorption of chlorinated aromatics on PAC can be greatly
influenced by hydrogen bonds (H-bonds) between water
and phenolic hydroxyl or chlorine functional groups. To
evaluate H-bond’s effect, the chlorinated aromatics in this
research were divided into two groups: chlorophenols with
H-bonds and chlorobenzenes without H-bonds. Their
adsorption capacities were shown in Fig. 2. PAC
adsorption of chlorinated aromatics was well described
by Freundlich adsorption isotherm with the r2 values of
0.940 to 0.999, respectively.

3.2.2 Influence of pH on chlorophenols adsorption iso-
therms

As shown in Fig. 2, the pH value of solution had a great
influence on chlorophenols adsorption capacity onto
activated carbon. The adsorption capacity of 2,4-dichlor-
ophenol at pH 7.2 was 25.8%–21.3% lower than that at pH
4.0 with the equilibrium concentration range of 0.003–
0.15 mg$L–1. The same phenomena occurred to 2,4,6-
trichlorophenol and pentachlorophenol.
When the solution pH value was higher than pKa,

phenols would deprotonate as a negatively charged
molecule, which impaired activated carbon adsorption
capacity greatly. The pKa values of 2,4,6-trichlorophenol
(6.59) and pentachlorophenol (4.68) were lower than

Fig. 2 Comparison of adsorption capacity for 2,4-dichlorophenol (a), 2,4,6-trichlorophenol (b), pentachlorophenol (c) and five
chlorobenzenes (d) onto PAC
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ambient pH value (7.2). At pH 4, these chlorophenols
existed completely as neutral molecules in water solution.
At pH 7.2, there were 16.7% of 2,4-dichlorophenol and
80% of 2,4,6-trichlorophenol existing as ionization
species.
Although the adsorption capacity of PAC for chlor-

ophenols would be enhanced at lower pH, it was not
practical to adjust the pH value to satisfy the best
adsorption condition in water treatment plants. Alterna-
tively, increasing PAC dosage would be effective and
much more practical to address the chlorophenols spills.

3.2.3 Influence of molecular properties on adsorption
capacities

The activated carbon adsorption behavior in aqueous
solution is the result of interactions among chemicals,
activated carbon and water molecules. The possible
interactions include the Van der Waals force between
non-polar chemicals and non-polar PAC, the dipole force
between polar chemicals and the functional group on PAC
surface, the H-bond between chemical and water molecule,
and the interaction between water molecule and PAC
[30,32].
As the representative indicators of the above interac-

tions, the presence of H-bond donor/acceptor groups,
solute hydrophobicity, solubility and molecular volume
have been identified as important properties that affect the
chemicals’ adsorption onto activated carbon [21].
The presence of H-bond donor/acceptor groups on

chlorophenols greatly decreased their adsorption capacity
because H-bond had much higher energy than Van der
Waals force that attracts the chemical to the PAC. For
example, 2,4,6-trichlorophenol had a smaller PAC adsorp-
tion capacity than 1,3,5-trichlorobenzene (see qe1 in
Appendix, Table A1.), which verified the effect of
substituent phenolic hydroxyl, H-bond.
Solute hydrophobicity, as indicated by lgKow, has been

observed to show a positive correlation with carbon
adsorption capacity of compounds in the previous studies
[33]. The lgKow values of chlorobenzene or chlorophenol

analogs were significantly influenced by their molecular
structures, especially the substituent groups [34]. As
shown in Table 1, the lgKow values of three chlorophenols
and five chlorobenzenes were inversely related to the
number of substituted chlorine atoms. Meanwhile, lgKow

values were observed to be negatively related to aqueous
solubility and π-electron cyclic conjugation for aromatic
rings. Therefore, the number of substituent chlorine atoms
influenced the solute hydrophobicity and lgKow of
chlorinated aromatics, which also influenced activated
carbon adsorption. The charge distribution of 1,3,5-
trichlorobenzene and 2,4,6-trichlorophenol were shown
in Fig. 3.
The solute-water interaction, as indicated by solubility is

not only controlled by the lgKow but also influenced by the
asymmetric charge distribution between atoms. As illu-
strated in Fig. 3, the oxygen substituent on 2,4,6-
trichlorophenol shows high negative charges ( – 0.27),
since oxygen is an atom of higher electronegativity and can
attract more electrons than the chlorine substituent ( – 0.07
to – 0.08, varying slightly with their positions). Therefore,
2,4,6-trichlorophenol is much more polarized than 1,3,5-
trichlorobenzene, as evidenced by distinctive different
dipoles of 1.6651 and 0.0002 Debye respectively. Mean-
while, their solubility are also very different, 900 mg$L–1

versus 6.0 mg$L–1, respectively.
Molecule size is proportional to the free energy between

the solute and bulk water, which can be represented by
McGowan’s characteristic molecule volume [35]. The
larger the molecule volume of the solute is, the more
energy is required to form a “cavity” from the water
molecules. On the other hand, larger molecule volume
would hinder solutes adsorption onto activated carbon. As
seen in Table 1, hexachlorobenzene has much higher lgKow

than the other chloroaromatics. But they still showed
relatively smaller adsorption capacities due to their largest
molecular volumes of all the chloroaromatics.

4 Conclusions

This investigation develops the relationship of chlorinated

Fig. 3 Partial charge distribution for 1,3,5-trichlorobenzene (a) and 2,4,6-trichlorophenol (b)
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aromatic compounds properties with their PAC adsorption
kinetic and capacity.
The adsorption kinetic curve of each chlorinated

aromatic was well fitted with pseudo first-order as well
as pseudo second-order models. This investigation devel-
oped a mathematic relationship between the pseudo first-
order adsorption rate constant k1 and the solutes’ properties
including lgKow, polarizability and MW, which was
presented as the product of lgKow, polarizability and the
reciprocal of MW: k1¼ a� ðlgKow � polarizabilityÞ=
MW þ b.
Freundlich adsorption isotherm equation could well

describe the adsorption equilibrium behaviors of chlor-
oaromatics in drinking water. The presence of H-bond
donor/acceptor group, solute hydrophobicity, solubility
and molecular volume have been identified as important
properties that affect the adsorption of the chemicals on
activated carbon. Solution pH relative to the pKa values of
compounds affected the adsorption capacity of chlorophe-
nols.
These results could assist water professionals in

removing chloroaromatics from drinking water during a
chemical spills emergency. The results would also benefit
future studies in the development of quantitative structural
analysis relationship model to predict the chlorinated
aromatics’ adsorption behavior onto activated carbon.
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