


Journal of Environmental Sciences  Volume 26 Number 12 2014

www.jesc.ac.cn

2369 Effects of seasonal climatic variability on several toxic contaminants in urban lakes: Implications for the
impacts of climate change
Qiong Wu, Xinghui Xia, Xinli Mou, Baotong Zhu, Pujun Zhao, and Haiyang Dong

2379 Preparation of cross-linked magnetic chitosan with quaternary ammonium and its application for Cr(VI)
and P(V) removal
Wei Yao, Pinhua Rao, Irene M.C. Lo, Wenqi Zhang, and Wenrui Zheng

2387 Formation pathways of brominated products from benzophenone-4 chlorination in the presence
of bromide ions
Ming Xiao, Dongbin Wei, Liping Li, Qi Liu, Huimin Zhao, and Yuguo Du

2397 Influence of the inherent properties of drinking water treatment residuals on their phosphorus adsorption
capacities
Leilei Bai, Changhui Wang, Liansheng He, and Yuansheng Pei

2406 Radiation induced decomposition of a refractory cefathiamidine intermediate
Qiburi Bao, Lujun Chen, and Jianlong Wang

2412 Characterization of aerosol optical properties, chemical composition and mixing states in the winter
season in Shanghai, China
Yong Tang, Yuanlong Huang, Ling Li, Hong Chen, Jianmin Chen, Xin Yang, Song Gao, and
Deborah S. Gross

2423 Knudsen cell and smog chamber study of the heterogeneous uptake of sulfur dioxide on Chinese
mineral dust
Li Zhou, Weigang Wang, Yanbo Gai, and Maofa Ge

2434 Experimental study on filtration and continuous regeneration of a particulate filter system for
heavy-duty diesel engines
Tao Tang, Jun Zhang, Dongxiao Cao, Shijin Shuai, and Yanguang Zhao

2440 Combination of heterogeneous Fenton-like reaction and photocatalysis using Co–TiO2 nanocatalyst
for activation of KHSO5 with visible light irradiation at ambient conditions
Qingkong Chen, Fangying Ji, Qian Guo, Jianping Fan, and Xuan Xu

2451 Atmospheric sulfur hexafluoride in-situmeasurementsat theShangdianzi regional backgroundstation inChina
Bo Yao, Lingxi Zhou, Lingjun Xia, Gen Zhang, Lifeng Guo, Zhao Liu, and Shuangxi Fang

2459 Direct radiative forcing of urban aerosols over Pretoria (25.75°S, 28.28°E) using AERONET
Sunphotometer data: First scientific results and environmental impact
Ayodele Joseph Adesina, Kanike Raghavendra Kumar, Venkataraman Sivakumar, and Derek Griffith

2475 Chemical characteristics and source apportionment of atmospheric particles during heating period in
Harbin, China
Likun Huang and Guangzhi Wang

2484 Microbial community structures in an integrated two-phase anaerobic bioreactor fed by fruit vegetable
wastes and wheat straw
Chong Wang, Jiane Zuo, Xiaojie Chen, Wei Xing, Linan Xing, Peng Li, Xiangyang Lu, and Chao Li

2493 Persistent pollutants and the patchiness of urban green areas as drivers of genetic richness in the
epiphytic moss Leptodon smithii

Valeria Spagnuolo, Flavia De Nicola, Stefano Terracciano, Roberto Bargagli, Daniela Baldantoni,
Fabrizio Monaci, Anna Alfani, and Simonetta Giordano



CONTENTS

 Editorial Board of Journal of Environmental Sciences

Editor-in-Chief

Hongxiao Tang           Chinese Academy of Sciences, China, E-mail: tanghx@rcees.ac.cn

Associate Editors-in-Chief

Nigel Bell           Imperial College London, UK, E-mail: n.bell@imperial.ac.uk

Shu Tao            Peking University, China, E-mail: taos@urban.pku.edu.cn

Jiuhui Qu           Chinese Academy of Sciences, China, E-mail: jhqu@rcees.ac.cn

P.K. Wong           The Chinese University of Hong Kong, Hong Kong, China, E-mail: pkwong@cuhk.edu.hk

Editorial Board

 Aims and scope
The Journal of Environmental Sciences, an international monthly journal established since 1989 and sponsored by the Research 
Center for Eco-Environmental sciences, the Chinese Academy of Sciences. Journal of Environmental Sciences is devoted to 
publish original, peer-reviewed research papers and reviews on main aspects of environmental sciences, such as environmental 
chemistry, soil chemistry, atmosphere chemistry, environmental biology, ecotoxicology, geosciences. The aim of the journal is to 
provide a platform for the latest research advancement.

Copyright © 2014, The Research Centre for Eco-Environmental Sciences, Chinese Academy of Sciences, Published by Elsevier 
B.V. All rights reserved.

Aquatic environment
Baoyu Gao
Shandong University, China
Maohong Fan
University of Wyoming, USA
Chihpin Huang
National Chiao Tung University, Taiwan, China
Ng Wun Jern
Nanyang Environment &
Water Research Institute, Singapore
Clark C. K. Liu
University of Hawaii at Manoa, USA,
Hokyong Shon
University of Technology, Sydney, Australia, 
Zijian Wang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Zhiwu Wang
The Ohio State University, USA
Yuxiang Wang
Queen’s University, Canada, 
Min Yang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Zhifeng Yang
Beijing Normal University, China,
Han-Qing Yu
University of Science & Technology of China
Terrestrial environment
Christopher Anderson
Massey University, New Zealand
Zucong Cai
Nanjing Normal University, China
Xinbin Feng
Institute of Geochemistry,
Chinese Academy of Sciences, China
Hongqing Hu
Huazhong Agricultural University, China
Kin-Che Lam
The Chinese University of Hong Kong
Hong Kong, China
Erwin Klumpp
Research Centre Juelich, Agrosphere Institute, 
Germany
Peijun Li
Institute of Applied Ecology,
Chinese Academy of Sciences, China

Michael Schloter
German Research Center for Environmental Health 
Germany
Xuejun Wang
Peking University, China,
Lizhong Zhu
Zhejiang University, China
Atomospheric environment
Jianmin Chen
Fudan University, China
Abdelwahid Mellouki
Centre National de la Recherche Scientifi que,
France
Yujing Mu
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Min Shao
Peking University, China
James Jay Schauer
University of Wisconsin-Madison, USA
Yuesi Wang
Institute of Atmospheric Physics, 
Chinese Academy of Sciences, China
Xin Yang
University of Cambridge, UK
Environmental biology
Yong Cai
Florida International University, USA
Henner Hollert
RWTH Aachen University, Germany
Jae-Seong Lee
Hanyang University, South Korea
Christopher Rensing
University of Copenhagen, Denmark
Bojan Sedmak
National Institute of Biology, Ljubljana, Slovenia
Lirong Song
Institute of Hydrobiology, 
Chinese Academy of Sciences, China
Chunxia Wang
National Natural Science Foundation of China
Gehong Wei
Northwest A & F University, China
Daqiang Yin
Tongji University, China
Zhongtang Yu
The Ohio State University, USA

Environmental toxicology and health
Jingwen Chen
Dalian University of Technology, China
Jianying Hu
Peking University, China
Guibin Jiang
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Sijin Liu
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Tsuyoshi Nakanishi
Gifu Pharmaceutical University, Japan
Willie Peijnenburg
University of Leiden, The Netherlands
Bingsheng Zhou
Institute of Hydrobiology, 
Chinese Academy of Sciences, China
Environmental catalysis and materials
Hong He
Research Center for Eco-Environmental Sciences, 
Chinese Academy of Sciences, China
Junhua Li
Tsinghua University, China 
Wenfeng Shangguan
Shanghai Jiao Tong University, China
Yasutake Teraoka
Kyushu University, Japan
Ralph T. Yang
University of Michigan, USA
Environmental analysis and method
Zongwei Cai
Hong Kong Baptist University, 
Hong Kong, China
Jiping Chen
Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, China
Minghui Zheng
Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China
Municipal solid waste and green chemistry
Pinjing He
Tongji University, China
Environmental ecology
Rusong Wang
Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China

Editorial office staff

 Managing editor     Qingcai Feng
  Editors      Zixuan Wang      Suqin Liu      Zhengang Mao
  English editor     Catherine Rice (USA)

2500 Enhanced removal of ethylbenzene from gas streams in biotrickling filters by Tween-20 and Zn(II)
Lu Wang, Chunping Yang, Yan Cheng, Jian Huang, Haining Yang, Guangming Zeng, Li Lu, and
Shanying He

2508 Enhanced efficiency of cadmium removal by Boehmeria nivea (L.) Gaud. in the presence of
exogenous citric and oxalic acids
Huaying Li, Yunguo Liu, Guangming Zeng, Lu Zhou, Xin Wang, Yaqin Wang, Chunlin Wang,
Xinjiang Hu, and Weihua Xu

2517 Comparative sorption and desorption behaviors of PFHxS and PFOS on sequentially extracted
humic substances
Lixia Zhao, Yifeng Zhang, Shuhong Fang, Lingyan Zhu, and Zhengtao Liu

2526 Inhibitory effects of nisin-coated multi-walled carbon nanotube sheet on biofilm formation from Bacillus
anthracis spores
Xiuli Dong, Eric McCoy, Mei Zhang, and Liju Yang

2535 A comparative study and evaluation of sulfamethoxazole adsorption onto organo-montmorillonites
Laifu Lu, Manglai Gao, Zheng Gu, Senfeng Yang, and Yuening Liu

2546 Removal of formaldehyde over MnxCe1 − xO2 catalysts: Thermal catalytic oxidation versus ozone
catalytic oxidation
Jia Wei Li, Kuan Lun Pan, Sheng Jen Yu, Shaw Yi Yan, and Moo Been Chang

2554 Humic acid transport in saturated porous media: Influence of flow velocity and influent concentration
Xiaorong Wei, Mingan Shao, Lina Du, and Robert Horton

2562 Salinity influence on soil microbial respiration rate of wetland in the Yangtze River estuary through
changing microbial community
Xue Fei Xi, Lei Wang, Jia Jun Hu, Yu Shu Tang, Yu Hu, Xiao Hua Fu, Ying Sun, Yiu Fai Tsang,
Yan Nan Zhang, and Jin Hai Chen

2571 Comments on “Adsorption of 2-mercaptobenzothiazole from aqueous solution by organo-bentonite”
by P. Jing, M.H. Hou, P. Zhao, X.Y. Tang, H.F. Wan
Yuhshan Ho

2573 Reply to comments on “Adsorption of 2-mercaptobenzothiazole from aqueous solution by organo-
bentonite” by Yuhshan Ho
Ping Jing, Meifang Hou, Ping Zhao, Xiaoyan Tang, and Hongfu Wan



J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 2 6 ( 2 0 1 4 ) 2 5 5 4 – 2 5 6 1

Ava i l ab l e on l i ne a t www.sc i enced i r ec t . com

ScienceDirect

www. jou rna l s . e l sev i e r . com/ jou rna l -o f - env i r onmenta l - sc i ences
Humic acid transport in saturated porous media:
Influence of flow velocity and influent concentration
Xiaorong Wei1,⁎, Mingan Shao1,2, Lina Du1, Robert Horton3

1. State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest A&F University, Yangling, Shaanxi 712100, China
2. Institute of Geographical Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China
3. Department of Agronomy, Iowa State University, Ames, IA 50011, USA
A R T I C L E I N F O
⁎ Corresponding author. E-mail: xrwei78@163

http://dx.doi.org/10.1016/j.jes.2014.06.034
1001-0742/© 2014 The Research Center for Ec
A B S T R A C T
Article history:
Received 8 February 2014
Received 5 June 2014
Accepted 9 June 2014
Available online 14 October 2014
Understanding the transport of humic acids (HAs) in porous media can provide important
and practical evidence needed for accurate prediction of organic/inorganic contaminant
transport in different environmental media and interfaces. A series of column transport
experiments was conducted to evaluate the transport of HA in different porous media at
different flow velocities and influent HA concentrations. Low flow velocity and influent
concentration were found to favor the adsorption and deposition of HA onto sand grains
packed into columns and to give higher equilibrium distribution coefficients and deposition
rate coefficients, which resulted in an increased fraction of HA being retained in columns.
Consequently, retardation factors were increased and the transport of HA through the
columns was delayed. These results suggest that the transport of HA in porous media is
primarily controlled by the attachment of HA to the solid matrix. Accordingly, this
attachment should be considered in studies of HA behavior in porous media.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.

Published by Elsevier B.V.
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Introduction

The presence of humic substances in natural waters can cause
various environmental and health problems. Humic acids (HAs) are
the dominant type of aqueous organic molecules in most surface
water and near-surface groundwater systems, and their behavior
can significantly enhance or delay contaminant transport. HAs have
a high affinity for aqueous metal cations; therefore, the fate of these
metals can be controlled by the behavior of HA (Pandey et al., 2003;
Ge et al., 2007; Wang et al., 2009; Zhang et al., 2009; Brigante et al.,
2010; Chang Chien et al., 2010; Cao et al., 2010). The presence of HAs
has been found to enhance the aqueous solubility of organic
pollutants and to facilitate transport of such pollutants through
soils (Williams et al., 2000) and other porous and fracture systems
(Murphy et al., 1990; Ding andWu, 1995; Murphy and Zachara, 1995;
Haberhauer et al., 2002; Franchi andO'Melia, 2003). SolubleHAs have
also been shown to increase the retention of organic pollutants
(Conte et al., 2001), which in turn reduces the mobility of these
.com (Xiaorong Wei).

o-Environmental Science
pollutants. Moreover, through their interaction with actinide ions
such as the uranyl ion (Cherwinski et al., 1994), HAs may exert a
crucial influence on the mobility of uranium (Artinger et al., 1998,
2002). However, whether HA enhances or retards the transport of
pollutants depends on the solidmatrix of themedia and the solution
properties. Therefore, HA mediated migration is important for the
risk assessment of contaminant environmental behavior, and the
accurate modeling of contaminant transport relies on the ability to
describe the transport properties of HAs.

HAs comprise a subclass of humic substances that generally
display macromolecular and colloidal characteristics. HAs contain
both hydrophobic and hydrophilic moieties as well as many
functional groups such as carboxylic, phenolic, carbonyl and
hydroxyl groups connected to aliphatic or aromatic carbons (Hering
and Morel, 1988). The existence of such carboxylic and phenolic
groups results in HA being predominantly negatively charged in
aqueous solutions (Cornel et al., 1986). These unique properties affect
the transport of HA in different environmental media. Accordingly,
jes
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understanding the fate of HA in the environment, especially its
transport in porous media, can provide important and practical
evidence for accurate prediction of organic/inorganic contami-
nant transport in different environmental media and interfaces.
Among the different environmentalmedia and interfaces, chemical
transport in porous media is very important and has long been the
focus of studies conducted by hydrologists and soil scientists due to
its crucial applications in civil and agricultural engineering.

Most studies of the environmental behavior of HA that have been
conducted to date have focused on the adsorption of HA onto solid
surfaces under different conditions (Vermeer et al., 1998; Avena and
Koopal, 1999; Specht et al., 2000; Pehlivan and Arslan, 2006; Moura et
al., 2007; Wang et al., 2010). However, the transport of HA in a
water-filled porous solid system and its governing mechanisms are
still not well understood. The factors controlling the transport of HA
in porous media may be classified into two types: (1) mechanical
factors such asmolecular shape, flow rate andHAconcentration; and
(2) physicochemical factors, such as ionic strength, pH and porous
media surfaces. These factors are interrelated since molecular
shape is primarily dependent on the solution pH and ionic
strength. Weng et al. (2002) evaluated the transport of HA in a
copper contaminated acid sandy soil and found that its break-
through curves were characterized by a rapid, relatively sharp
front followed by a plateau at a lower HA concentration than in
the influent solution. Wei and Shao (2007) found that the
transport of HA through soil columns varied greatly with soil
types and the transport was mainly influenced by clay content
and cation exchange capacity, which enhanced the adsorption of
humic acid, and thus, retarded the transport in soils. Wei et al.
(2010) studied the HA transport through different porous media
at different solution pH and ionic strength conditions. They
found that decreasing pH and increasing ionic strength in-
creased adsorption, and therefore, delayed the transport of HA
in porous media. However, few studies have been conducted to
evaluate the effects of mechanical factors on transport of HA in
porous media, which are essential for understanding HA behav-
iors in porous media and for controlling pollution related with HA
transport. Therefore, this study was conducted to investigate the
transport ofHA indifferent porousmedia, and todiscuss the effects of
flow rate and influent HA concentration on the transport behavior.
Our objective is to understand how HA transport responds to
mechanical factors of different porous media.
1. Materials and methods

HA was prepared from a commercial humic substance (China
MedicineGroup, Shanghai Chemical Reagent Corporation, China)
and then purified by mixing with deionized water, after which
Table 1 – Experimental design.

Factor Solid matrix pH Ion
(m

Flow velocity Quartz sand 8
0.5–1.0 mm river sand 8
<0.5 mm river sand 8

Influent concentration Quartz sand 8
8

0.5–1.0 mm river sand 8
8

<0.5 mm river sand 8
8

the pH was adjusted to 10 with 0.1 mol/L NaOH. After centrifu-
gation, the supernatant was removed and precipitated by
acidification to pH 1.5 with concentrated HCl. Next, HA was
dissolved and precipitated three times, followed by dialysis to
reduce the salt content. The external water was replaced in the
first 5 hr and then every 12 hr until no chloride was detected.
Finally, the product was collected by vacuum filtration and oven
dried at 70 to 80°C for 50 hr (Wei et al., 2010).

Glass columns with a 1.9-cm inner diameter and 11.0-cm
length were uniformly packed with quartz sand (grain diameters
ranging from 0.5 to 1.0 mm) and river sands (grain diameters
ranging from 0.5 to 1.0 mm or <0.5 mm). The average grain
densities were 2.43, 2.54 and 2.52 g/cm3 for quartz sand, 0.5–
1.0 mm river sand and <0.5 mm river sand. The experimental
design and conditions are shown in Table 1. A previous study
showed that the surface tension of HA is larger at pH 8 than at
lower pH values (Yates and von Wandruszka, 1999), and the
fluorescence intensity is larger at pH 8 than at lower or higher pH
values (Chen andKenny, 2007). These results suggest that lowpH
enhances the aggregation of HA in solution. Thus, a solution pH
of 8was chosen to conduct the experiments. Prior touse, the sand
was thoroughly cleaned by washing with 0.1 mol/L Na2S2O4 for
2 hr to remove surface metallic compounds and then with 5%
H2O2 solutions for 3 hr to remove organic impurities, followed by
washing with 12 mol/L HCl overnight and then with deionized
water for 5 hr (Wei et al., 2010).

The experimental setup used for the transport experiments is
illustrated by Wei et al. (2010). Standard gravimetric methods
were used to determine the column packing density. All column
experimentswereperformed induplicate. Prior to injectionof the
HA solution, a HA-free KCl solution that had been adjusted to the
desired ionic strength and pH was introduced to the top of the
column. At least 50 pore volumes of this solution were then
applied to thoroughly flush the column and stabilize the pH of
the system. The pore volumes were calculated as the ratio of the
volumeof solution leached through the column inanygiven time
interval and the total volume of solution present inside the
column at the beginning of the transport experiment (Shukla,
2013). The flow velocity of the solution was controlled by
adjusting the inflow water head. After equilibrium of the
column, the KCl solution was terminated, and the HA solution
was injected into the column at a constant rate. At the column
outlet, the effluent suspension was collected at regular time
intervals and analyzed for HA concentration by light
jes
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ic strength
ol/L KCl)

Flow velocity
(cm3/min)

Influent concentration
(g/kg)

0.001 1.12–5.68 5
0.001 0.86–6.43 5
0.001 1.33–7.36 5
0.001 4.73 10
0.001 4.73 2
0.001 2.26 10
0.001 2.26 2
0.001 3.16 10
0.001 3.16 2
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absorbance at 254 nm using a UV-VIS 8500 spectrophotometer
(Techcomp, Shanghai, China). All transport experiments were
conducted at 19 ± 1°C.
0
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0.8

0.5-1.0 mm river sand

Quartz sand
2. Mathematical modeling

The one-dimensional HA transport in homogeneous and satu-
rated porous media while accounting for HA adsorption is
governed by the following partial differential equation:

∂C x; tð Þ
∂t

þ ρ
θ
∂C� x; tð Þ

∂t
¼ D

∂2C x; tð Þ
∂x2

−U
∂C x; tð Þ

∂x
ð1Þ

where, C (μg/cm3) is the liquid-phase HA concentration, C* (μg/g)
is the mass of HA adsorbed onto the solid matrix, D (cm2/min) is
the dispersion coefficient, U (cm/min) is the average interstitial
flow velocity, ρ (g/cm3) is the bulk density of the solid matrix, θ
(cm3/cm3) is theporosity of the solidmedia and t (min) is the time.

Eq. (1) can be re-written as:

R
∂C x; tð Þ

∂t
¼ D

∂2C x; tð Þ
∂x2

−U
∂C x; tð Þ

∂x
ð2Þ

where, R is the retardation factor.
The expression describing the linear adsorption of HA and

the initial and boundary conditions for Eq. (1) are provided in
our previous article (Wei et al., 2010).

In this study, CXTFIT.2.1, a computer program developed by
the U.S. Department of Agriculture for estimating solute trans-
port parameters using a nonlinear least squares parameter
optimization method, was used to fit the observed data and
estimate the dispersion coefficient (D) and retardation factor (R)
at various initial concentrations and flow rates. This software
has been widely used to assess solute transport parameters of
porousmedia. The equilibriumdistribution coefficient (K) (cm3/g)
was calculated according to Wei et al. (2010).

The fraction of HA retained in the soil column is calculated
with filtration theory (Yao et al., 1971; Logan et al., 1995):

Fr ¼ 1−
C
C0

ð3Þ

where, Fr is the fraction of HA retained in the column, C/C0 is
the initial removal efficiency, with C and C0 being the column
effluent and influent HA concentrations, respectively.
Table 2 – Effects of solid matrix on various parameters.

Fr Kd (hr−1) R K (cm3/g)

Quartz sand 0.048 0.89 1.72 0.18
0.5–1 river sand 0.100 1.79 2.21 0.29
<0.5 mm river sand 0.143 2.95 2.92 0.44

Fr: the fraction of HA retained in the column; Kd: the deposition rate
coefficient; R: the retardation factor; K: the equilibrium distribution
coefficient.
The deposition rate coefficient (Kd) (hr−1) of HA in the
column is expressed as (Kretzschmar et al., 1997):

Kd ¼ −
1
tp

ln
Meff

Min

� �
ð4Þ

where, tp = L/vp is the average travel time of the HA through
the column (hr), L (m) is the column length, vp (m/hr) is the
jes
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C

0

0.4

0 4 8 12 16
Pore volumes

4.36 cm3/min
3.57 cm3/min
1.12 cm3/min
4.62 cm3/min

<0.5 mm river sand

Fig. 1 – Breakthrough curves of HA in the quartz sand column,
0.5–1.0 mmriver sand columnand<0.5 mmriver sand column
at different flow velocities. The lines are the fitted results. The
solution pH and ionic strength were 8 and 0.001 mol/L,
respectively, for all samples.
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average travel velocity of HA solution, Meff (g) is the total HA
that came out of the column and Min (g) is the total HA that
was put into the column. The termMeff/Min corresponds to the
fraction of HA recovered at the column outlet after the
breakthrough curve has reached a plateau.
3. Results and discussion

3.1. Effects of flow velocity

The transport of HA in porous media is primarily controlled by
the attachment of HA to the solidmatrix. The transport behavior
of HA in columns varies significantly with solid matrices as
observed by Wei et al. (2010). Quartz sand provides the lowest
retardation factor (R), while river sands contain relatively large
retardation factors that increase as the average diameter
decreases (Table 2), consistent with findings by Wei et al.
(2010). Since the retardation effect is primarily caused by the
adsorption and deposition of HA in solid matrix, we used the
equilibrium distribution coefficient, K, and the deposition rate
Fr = 0.4401V-0.215
R2 = 0.8067

Fr = 0.2925V-0.2184
R2 = 0.8968

Fr = 0.001V + 0.1104
R2 = 0.1063

0.0

0.1

0.2

0.3

0.4

0.5

0 2 4 6 8
Flow velocity (cm3/min)

F r

-1

R = 5.0979V -0.4089

R2 = 0.7189

R = 2.7302V -0.2407

R2 = 0.7952

R = -0.0248V + 1.917
R2 = 0.1585

0

2

4

6

0 2 4 6 8
Flow velocity (cm3/min)

R

Quartz sand 0.5-1.0 m

Fig. 2 – Relationship between flow velocity (V) and fraction of HA
retardation factor (R) and equilibrium distribution coefficient (K)
and <0.5 mm river sand columns. The solution pH was 8 and ion
coefficient, Kd, to interpret the difference in the retardation
effects of different solid matrices. The K and Kd values showed
the same trend as the retardation factors (Table 2), supporting
the finding that the transport of HA is an adsorption–deposition
dominated process (Wei et al., 2010), indicating that Kd, K and R
can be used to explain the behaviors of HA in different porous
media.

The breakthrough curves resulting from HA transport at
different flow velocities are presented in Fig. 1. It is clear that
slow flow delayed the transport of HA in porous media. The HA
concentrations detected in the three sand column effluents
drastically decreased when the flow velocity decreased at any
given pore volume. The decreased effluent HA concentration
resulting from the decreased flow velocity was more obvious in
the river sand column than in the quartz sand column, while
for the river sand columns, a smaller average diameter was
associated with a greater decrease in the effluent HA concentra-
tion in response to decreased flow velocity.

Fig. 2 shows the corresponding Fr, Kd, R and K values as a
function of flow velocity for the three sand columns. Although
the breakthrough curves had similar changes in patterns with
flow velocity, quartz sand and river sand showed quite different
jes
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ic strength was 0.001 mol/L KCl for all samples.
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Fig. 3 – Breakthrough curves of HA in the quartz sand column,
0.5–1.0 mm river sand column and <0.5 mm river sand column
at different initial HA concentrations. The solution pHwas 8 and
ionic strength was 0.001 mol/L for all samples. The flow
velocities were 4.73, 2.26 and 3.16 cm3/min for the quartz sand
column, 0.5–1.0 mmriver sand column and <0.5 mmriver sand
column, respectively.
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changes in the patterns of Fr, R and K in response to the flow
velocity changes. Specifically, the threeparameters all decreased
as the flow velocity increased. However, this decrease was
exponential in both the 0.5–1 mm and <0.5 mm river sand
columns, while it was linear in the quartz sand column.
Increasing the flow velocity in porous media decreases the
collision time of HA with solid particles (Lecoanet andWoesner,
2004; Kampel et al., 2009), which was likely responsible for the
reduced HA absorption that was observed in the columns.
Accordingly, the delay in the breakthrough curveswas alleviated
as illustrated by the changes in Fr, R andK shown in Fig. 2. For the
<0.5 mm river sand column, increasing the flow velocity from
1.12 to 5.68 cm3/min resulted in approximately 45%, 128% and
210% decreases in Fr, R and K, respectively. For the 0.5–1.0 mm
river sand column, the decrease in the three parameters was
56%, 79% and 189%, respectively, when the flow velocity
increased from 0.86 to 6.43 cm3/min. Although Fr increased
slightly as the flowvelocity increased from1.33 to 6.57 cm3/min
in the quartz sand column, the R and K decreased by about 27%
and 66%, respectively. Therefore, the high flow velocity induced
enhanced HA transport through both the quartz sand and river
sand columns were primarily exerted through decreased HA
retention in the columns.

Unlike Fr, R and K, the deposition rate coefficients, Kd, all
increased with flow velocity for both quartz sand and river
sand columns. This relationship was also observed by Song
and Elimelech (1993) and Kretzschmar et al. (1997) in studies
of colloidal particle transport through porous media. In the
present study, Kd increased with flow velocity in a linear
relationship rather than a power function as reported by
Song and Elimelech (1993). Moreover, the slopes of the
corresponding straight lines varied greatly among the solid
matrices and followed the order of <0.5 mm river sand > 0.5–
1.0 mm river sand > quartz sand, suggesting that Kd increased
more rapidly in the <0.5 mm river sand column than in the
quartz sand column when the flow velocity increased.

3.2. Effects of influent concentration

The transport behavior of HA at different influent concentra-
tions is shown in Fig. 3. The lower the influent HA concentra-
tion, the less HA was transported through the porous media,
and accordingly the smaller the C/C0 in the effluent solution.
These findings were consistent conceptually and experimentally
with observations by many other authors for the transport of
solute (Hanna et al., 2009; Li et al., 2009; Lazaridis and Keenan,
2010), colloids (Zhuang et al., 2005; Frimmel et al., 2007; Hristovski
et al., 2008; Liu et al., 2009; Peralta-Videa et al., 2010) and
microorganisms (Marlow et al., 1991; Tufenkji et al., 2003;
Zhuang and Jin, 2003), suggesting that the effects of influent
HA concentrations on HA transport follow the general patterns
with the effects on the transport of chemicals, colloids and
microorganisms. For the <0.5 mm and 0.5–1.0 mm river sand
columns, the C/C0 values observed when the HA concentration
was low were slightly higher than the values observed under
high HA concentration conditions for the first 1.5 pore volumes
due to the rapid initial attachment of HA molecules to solid
particles. However, for subsequent pore volumes, the C/C0

values were much larger under high HA concentrations than
low HA concentrations. This phenomenon may be explained
by the adsorption process during HA transport through the
columns since the transportwas dominated by adsorption (Wei
et al., 2010). At the beginning of the experiment, more HA was
injected into the columns; therefore, the collision probability
was greater and the amount of HA adsorbed/deposited was
jes
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greater due to the rapid initial attachment of HA molecules to
the solid particles. This resulted in less HA being left in the
column solutions. As a result, the C/C0 was low under high
influent HA concentration conditions at the beginning of the
transport experiment. However, with the continuous injection
of HA, the sorption sites were quickly saturated by the high HA
concentration, resulting in the C/C0 increasing and a plateau in
the breakthrough curves being attained. When low concentra-
tions of HA were injected into the columns, less HA was
collected and attached to the particles, which resulted in the
residual HA concentration in the solution and the C/C0 in the
effluent solution being quite high. Despite this, the adsorption/
deposition sites in porous media were saturated slowly, and the
adsorption/deposition took a rather long time to reach equilibri-
umunder these conditions, which corresponds to the low C/C0 in
the later transport stagewhen comparedwith the value observed
under high HA concentration conditions.

The effects of influent HA concentration on HA transport
in the columns can also be supported by the parameters
shown in Table 3. When compared with the low influent HA,
even though more HA collided with the solid matrix and was
collected by solid particles when the influent HAwas high, the
fraction retained by the solid matrix was lower than that
retained under low HA concentration conditions due to the
large influent HA concentration. As a result, the Fr was smaller
when the HA concentration was high than when it was low.

Although the parameters presented in Table 3 all increased as
the influent HA concentration decreased, these increases varied
among the solid matrices. The greatest increase in the parame-
ters causedbydecreased influentHAconcentrationwasobserved
in the <0.5 mm river sand columns, in which the Fr, R, Kd and K
increased by 58%, 75%, 30% and 15%, respectively. The lowest
increase in the parameters was observed in the quartz sand
columns, in which the Fr, R, Kd and K increased by 13%, 21%, 2%
and2%, respectively, as the influentHAconcentrationsdecreased
from 10 to 2 g/kg. Therefore, the effects of influent HA concen-
tration onHA transportwere primarily exerted through changing
HA retention in the columns.

The HAs contain both hydrophobic and hydrophilic moieties
as well as many functional groups such as carboxylic, phenolic,
carbonyl andhydroxyl groups connected to aliphatic or aromatic
carbons (Hering and Morel, 1988). The existence of such
carboxylic and phenolic groups results in HA being predomi-
nantly negatively charged in aqueous solutions (Cornel et al.,
Table 3 – Effects of influent HA concentration on various paramete

Influent concentration
(g/kg)

Flow veloci
(cm3/min)

Quartz sand 10 4.73
Quartz sand 2 4.73
0.5–1 river sand 10 2.26
0.5–1 river sand 2 2.26
<0.5 mm river sand 10 3.16
<0.5 mm
river sand

2 3.16

Fr: the fraction of HA retained in the column; Kd: the deposition rate co
coefficient.
1986). The adsorption of HA to the surfaces of porous media is
dependent on selective functional groups of the porous media.
Understanding selective adsorption of the functional groupswill
provide additional information about the mechanisms behind
the transport and retention of HA in porous media. Therefore,
we recommend in future investigations that functional groups
be further examined before and after column experiments by
measuring the SUVA254 and/or calculating the UV254/TOC values.
4. Conclusions

The transport of HA in porous media was affected by the nature
of the solid matrix, flow rate and initial HA concentration.
Increasing the flow rate and the initial HA concentration
accelerated the transport of HA in all of the porous media
evaluated. However, the effects of flow rate and initial HA
concentration varied among porous matrices and were more
notable in sands with smaller average particle diameters. The
equilibrium distribution coefficient (K), deposition rate coeffi-
cient (Kd), fraction of HA retained in columns (Fr) and retardation
factors (R) showed similar responses to flow velocity and HA
concentration, and could be used to explain the effects of such
factors on HA attachment in solid matrices and the transport of
HA through porous media.
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