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bstract

pH and the presence of compounds have a great effect on the sorption of organic contaminants. In this study, batch equilibrium experiments were
arried out to investigate the influence of pH on the sorption of p-nitrophenol (PNP) onto sediment in the presence of Pb(NO3)2 and cetylpyridinium

hloride (CPC) cationic surfactant. Results indicated that in the multi-solute system with PNP, Pb(NO3)2 and CPC, the sorption of PNP increased
ith the increasing pH and the amount of sorbed PNP at equilibrium was much higher than in the single-solute system. This can be attributed to the
resence of Pb(NO3)2 and CPC. It is believed that the main reason for that was the larger sorption of CPC at higher pH allowing higher sorption
f PNP. The results are believed to provide a useful insight into describing the transport and fate of PNP in natural environments.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sorption of organic pollutants onto sediment is known to
e a key process in respect to the fate in environmental sys-
ems. Sorption of nonionic organic compounds onto sediments
s due primarily to the partitioning into sediment organic matter
SOM) [1–3]. Besides the soil organic matter, sorption of ioniz-
ble organic compounds (IOCs), including phenols, carboxylic
cids, and amines, is highly influenced by solution pH, which
etermines if the IOCs exist in either ionic or neutral forms. The
ffect of pH on IOC sorption onto soil and sediment has been
idely studied and it is generally accepted that sorption of IOC

s largely controlled by the pH, as ionized species are much more
oluble and thus less hydrophobic than their neutral counterparts
4–8]. Consequently, the sorption potential of the ions is much
ower than that of the neutral ones.
In addition to organic pollutants, industrial and municipal
astewater generally contain heavy metals and surfactants,
hich cause experiences obtained from single-solute systems
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o be inadequate when describing sorption of organics in multi-
olute systems. This is a result of various interactions, such as
ompetition with heavy metals for adsorption site or formation
f complexes [9–11]. In additions, surfactants can cause signif-
cant changes of the sorption of organic contaminants onto soil
nd sediment [3,12,13]. Hence, it is necessary to take these phe-
omena into consideration when describing the influence of pH
n the sorption of organic contaminants in multi-solute systems.

p-Nitrophenol (PNP) and Pb(NO3)2 were chosen as the ref-
rence organic contaminant in this study. PNP in wastewater
ainly came from industrial sources such as high-temperature

oal conversion, petroleum refining, resins and plastics. Pb is
he most common heavy metal contaminant in the environment
ccording to the environmental protection agency (EPA) [14].
t is a nonessential element in metabolic processes and may
e toxic or lethal to organisms even when absorbed in small
mounts [15]. Through solid/aqueous interfacial sorption and
ettling, PNP, heavy metal and surfactant in river coming from
ndustrial and municipal effluent can finally move into sediment.

revious studies focusing on the sorption of PNP onto sedi-
ents or soils in simple systems found that sorption was greatly

nfluenced by pH [4–8], as well as the surfactants and heavy met-
ls present [9–13]. However, matters become more complicated

mailto:shenxueyou@zju.edu.cn
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hen PNP, heavy metal and surfactant are mixed. Therefore,
he influence of pH on the sorption of PNP onto sediment in
he presence of cetylpyridinium chloride (CPC) and Pb(NO3)2
nto sediment was investigated in this study. The objective of
his study was to investigate the sorption characteristics of PNP
nto sediment at varying pH values in multi-solute system.

. Materials and methods

.1. Materials

Sediment was collected in the depth of 0–20 cm at the bottom
f Yong River, China.

It was air-dried and grounded to less than 100 meshes with
diameter of 0.15 mm prior to sediment characterization and

orption studies. The analysis of sediment clay minerals were
erformed by X-ray diffraction (X′ Pert MPD Philips instru-
ent). The organic carbon content was measured using LECO
S-344 type carbon-sulfate analyzer at the condition of 50%

elative humidity and 25 ◦C. The BET-N2 surface area was
etermined using Coulter-100CX surface area analyzer. The
ation-exchange capacity was analyzed using ion exchange
ethods [16]. The characteristics of the sediment are shown

n Table 1.
The cationic surfactant CPC contains one hydrophilic and

ydrophobic group. CMC and molecular weight of CPC are
97 mg L−1 and 358, respectively [17].

PNP and Pb(NO3)2 were of analytical grade. All of the
eagents were purchased from Shanghai Chemical Co., China
nd used without further treatment. The water solubility (S)
nd octanol–water partition coefficient (Kow) of PNP are
.6 × 104 mg L−1 and 93, respectively [18].

.2. Analytical methods

The aqueous concentrations of PNP and CPC were quantified
y UV-2401 PC ultraviolet spectrophotometer (Shimadzu) at
bsorbance wavelength 317 and 259 nm, respectively. The pH
alues of analyte solutions were fixed at 3 for PNP in order to
liminate the pH effect on the PNP [13].
.3. Batch experiment procedure

Sorption experiments were carried out using a conventional
atch equilibrium technique. A batch equilibrium method is

able 1
haracteristics of the sedimenta

oc 0.39%
A (m2 g−1) 14
EC (cmol kg−1) 15.8
lay mineral content 11.5%
entonite content 4.8%

llite content 2.4%
aolinite content 1.9%

a Foc is the organic carbon content; SA the BET-N2 surface area; CEC the
ationic exchange capacity.
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seful for studying the reaction mechanism in the solid/water
nterface. An appropriate amount of solute was added to the
00 mL Erlenmeyer flasks with glass caps, which contained 1.0 g
ediment in 25 mL solution with given concentrations of other
olutes. The flasks were shaken for 12 h at 25 ± 0.5 ◦C in a gyra-
ory shaker at 150 rpm, as preliminary studies indicated that
his was sufficient time to establish equilibrium. The solution
nd solid phase were separated by centrifugation at 3000 rpm
or 30 min to completely separate the undissolved solute. After
his, the equilibrium concentration in the supernatants was deter-

ined, and the adsorbed amount of solute was calculated from
he concentration difference.

The pH range studied was 2–8, obtained by adding 0.1 M
NO3 or 0.1 M NaOH each hour. The ionic strength was main-

ained at 1 mM in order to eliminate the possible influence during
he pH conditioning.

Sediment blank experiments without solutes were simulta-
eously carried out in order to correct the results. In addition,
ontrol experiments containing solutes without sediment were
arried out to evaluate solute losses due to volatilization
nd uptake by the glass flasks and it was found that the
osses were negligible. Six replicates of each experiment were
erformed.

. Results and discussion

The effect of pH on PNP sorption in a multi-solute system
ontaining CPC and Pb(NO3)2 are unclear, although several
nfluencing factors have been identified. First, the influence of
H on the sorption of PNP [4–8]; second, the influence of pH
n the competitive sorption of Pb(NO3)2 which may affects the
orption of PNP [19]; finally, adsorption of CPC is influenced
y pH which change the sorption of PNP [17]. Therefore, in
he multi-solute system containing PNP, Pb(NO3)2 and CPC, all
hese effects are simultaneously involved.

.1. Influence of pH on the sorption of PNP in presence of
PC and Pb(NO3)2

Influence of pH on sorption of PNP onto sediment in multi-
olute system was investigated. The initial concentration of
NP was 300 mg L−1, Pb(NO3)2 was 200 mg L−1 and CPC
as 2500 mg L−1 and the results are depicted in Fig. 1. Pre-

iminary studies indicated that the isotherms of PNP is linear,
onsequently, the solid–water partition coefficient of PNP (Kd)
s defined as the ratio of sorbed and equilibrium aqueous concen-
ration of PNP. Sorption of PNP increased with increasing pH,
nd the Kd values obtained were in the range of 15–75 mL g−1.
owever, preliminary studies indicated that in the single-solute

ystem, Kd values of PNP with the initial concentration of
00 mg L−1 was less than 10 mL g−1, which was negligible with
he pH ranging from 2 to 8. Therefore it can be assumed that
he distinct sorption behavior of PNP in multi-solute system was

ue to the presence of Pb(NO3)2 and CPC, while the influence
f pH on the PNP sorption was insignificant. The influence of
b(NO3)2 and CPC at various pH values in multi-solute system
ill be further discussed in the following.
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2–8, PNP had a higher degree of dissociation, the ionic form of
PNP increased from 0 to 88%.
ig. 1. Sorption of PNP at various pH values in multi-solute system with
he initial concentration of PNP 300 mg L−1, Pb(NO3)2 200 mg L−1 and CPC
500 mg L−1.

.2. Influence of Pb(NO3)2 at various pH values in
ulti-solute system

Johnston et al. suggested that the sorption of nitroaromatic
ompounds is attributed to two kinds of surface interaction:
on-specific van der Waals’ interactions between the neutral
ortion of the organic guest species and the clay siloxane sur-
ace; and the site-specific interactions between cations and
rganic substituents carrying partial negative atomic charge
20]. Thus, the presence of Pb(NO3)2 had two competitive
ffects on the sorption of PNP: (i) enhancing the adsorption
f PNP by interaction between adsorbed Pb and –OH or –NO2
f PNP; (ii) competing with the sorption of PNP by occupy-
ng more space due to the large hydrated radius 0.401 nm [21]
hich would lead to the decrease of sorption of PNP. So the

orption of PNP onto sediment depends on the net effect of
hese two effects. The net effect of Pb(NO3)2 can be calcu-
ated from the difference in Kd values of PNP in the presence
nd absence of Pb(NO3)2. At examined pH values, the sorption
f PNP onto sediment in a multi-solute system was inhibited
y the presence of Pb(NO3)2 as shown in Fig. 2. This indi-
ated that competitive adsorption of Pb(NO3)2 played the major
ole in the influence of Pb(NO3)2 on the sorption of PNP onto
ediment.

As shown in Fig. 2, the net effect of Pb(NO3)2 on the sorp-
ion of PNP was pH-dependent, and generally decreasing with
ncreasing pH. This effect is believed mainly to be attributed
o the increase interaction between adsorbed Pb and –OH or
NO2 of PNP rendering the net effect decreased with increasing
H. This is related to the higher sorption capacity of Pb(NO3)2
nd the dissociation of PNP at higher pH. First, to confirm the
igher sorption capacity of Pb(NO3)2 at higher pH, the sorption
f Pb2+ onto sediment as a function of pH was determined at an
nitial Pb(NO3)2 concentration of 200 mg L−1. The mean rela-

ive standard deviation was in the range of 0.5–1.0%. The results
onfirmed that increase of pH from 2 to 8 led to an increase in the
orption amount of Pb(NO3)2 from 1.17 to 4.60 mg g−1 (Fig. 3).
his is related to that at higher pH, more Pb2+ is adsorbed onto

F
o

ig. 2. Influence of Pb(NO3)2 and CPC at various pH values in multi-solute
ystem.

ediment owing to its facility to precipitation as many studies
oncluded that sorption of aqueous Pb is controlled by metal ions
ydrolysis [22–25]. Secondly, as PNP is an ionizable organic
ompound with a pKa of 7.16 [26], it can dissociate into protons
nd anions according to:

A + H2O = H3O+ + A− (1)

he degree of protonation (α0) can be expressed as [27]:

0 = 1

1 + 10(pH−pKa) (2)

here pKa is the negative logarithm of the sorbate acidity con-
tant.

Hence, PNP can occur both in ionic and neutral form depend-
ng on solution pH and sorbate pKa values. In the pH range of
ig. 3. Sorption of Pb2+ onto sediment as a function of pH (initial concentration
f Pb2+ 200 mg L−1).
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Fig. 4. Adsorption isotherms of CPC at different pH values.

.3. Influence of CPC at various pH values in multi-solute
ystem

Influence of CPC at various pH values in multi-solute system
re demonstrated in Fig. 2. Influence of CPC can be calculated
rom the difference in Kd values of PNP with and without CPC.
ompared to the competitive effect of Pb(NO3)2, the presence
f CPC can enhance the sorption of PNP in the multi-solute
ystem. It is believed that the enhancement of CPC on the sorp-
ion of PNP follows different mechanism to neutral and anion
NP. For the neutral PNP, CPC enhance the sorption of PNP
y forming a bulk-like medium that behaves essentially as a
artition phase [28–30]. As for the anion PNP, CPC enhance
he sorption of PNP by forming a thin film which increase
he interaction between cation of CPC and anion of PNP [20].
s shown in Fig. 2, the enhancement of CPC increased with

he increasing pH and was greater than competitive effect of
b(NO3)2. This effect is believed mainly to be attributed to

he fact that increasing pH enhanced the adsorption of CPC
hich lead to higher sorption of PNP. To confirm the above

easoning, the adsorption isotherms of CPC under different pH
2–8) values are illustrated in Fig. 4. All adsorption isotherms
ere nonlinear, reaching a maximum in adsorbed amount at
PC equilibrium concentration above CMC. It is noted that

ncrease of pH from 2 to 8 led to an increase in the max-
mum adsorption amount of CPC from 60.3 to 66.4 mg g−1.
his indicated that increasing pH can enhance the adsorption
f CPC onto sediment, which is in agreement with previous
tudies [17,31,32]. This behavior is believed to be related with
hat increase of pH lead to higher surface charge as a result of
eprotonation of surface groups. This explains the observation
hat the cationic surfactant adsorption increased at increasing pH
here the electrostatic interactions between positively charged

ationic heads of surfactant and negatively charged sediment
acilitated.

The results presented in Section 3.1 indicated that system
ontaining PNP, CPC and Pb(NO3)2, the influence of pH on the

orption of PNP is related to the competitive effect of Pb(NO3)2
nd the enhancement of CPC. And the results from Sections 3.2
nd 3.3 showed that in the multi-solute system sorption of PNP
s controlled by the presence of CPC due to larger sorption of

[

[

s Materials 155 (2008) 225–229

PC onto sediment at higher pH allowing higher sorption of
NP.

. Conclusions

In the single-solute system, sorption of PNP was negligi-
le. On the other hand, in multi-solute system where influence
f Pb(NO3)2 and CPC were simultaneously involved, sorp-
ion of PNP was much higher, and increased with increasing
H in the examined pH range. It is believed that the main
eason for that was the larger sorption of CPC at higher
H allowing higher sorption of PNP. Therefore, the pres-
nce of Pb(NO3)2 and CPC should be generally considered
hen describing the influence of pH on sorption of PNP onto

ediment.

cknowledgements

This study was financially supported by the National Natural
cience Foundation of China (No. 20477036), the Key Project
f National Natural Science Foundation of China (20337010)
nd the National Basic Research Priorities Program of China
2003CB415004). We extend our warm thanks to Andreas Houl-
erg Kristensen from Aalborg University for his assistance.

eferences

[1] S.W. Karickhoff, D.S. Brown, T.A. Scott, Sorption of hydrophobic pollu-
tants on natural sediments, Water Res. 13 (1979) 241–248.

[2] R.P. Schwarzenbach, J. Westall, Transport of nonpolar organic compounds
from surface water to groundwater, Environ. Sci. Technol. 15 (1981)
1360–1367.

[3] C.T. Chiou, P.E. Porter, D.W. Schmedding, Partition equilibriums of non-
ionic organic compounds between soil organic matter and water, Environ.
Sci. Technol. 17 (1983) 227–231.

[4] K. Schellenberg, C. Leuenberger, R.P. Schwarzenbach, Sorption of chlo-
rinated phenols by natural sediments and aquifer materials, Environ. Sci.
Technol. 18 (1984) 652–657.

[5] P. Lagas, Sorption of chlorophenols in the soil, Chemosphere 17 (1988)
205–216.

[6] L.S. Lee, P.S.C. Rao, P. Nkedi-Kizza, J.J. Delfino, Influence of sol-
vent and sorbent characteristics on distribution of pentachlorophenol in
octanol–water and soil–water systems, Environ. Sci. Technol. 24 (1990)
654–661.

[7] F. Amiri, M.M. Rahman, H. Bornick, E. Worch, Sorption behaviour of
phenols on natural sandy aquifer material during flow through column
experiment: the effect of pH, Acta Hydrochim. Hydrobiol. 32 (2004)
214–224.

[8] M.M. Rahman, E. Worch, Nonequilibrium sorption of phenols onto geosor-
bents: the impact of pH on intraparticle mass transfer, Chemosphere 61
(2005) 1419–1426.

[9] J.A. Davis, J.O. Leckie, Effect of adsorbed complexing ligands on
trace metal uptake by hydrous oxides, Environ. Sci. Technol. 12 (1978)
1309–1315.

10] Z. Xu, M. Huang, Q. Gu, Y. Wang, Y. Cao, X. Du, D. Xu, Q. Huang, F. Li,
Competitive sorption behavior of copper (II) and herbicide propisochlor on
humic acids, J. Colloid Interf. Sci. 287 (2005) 422–427.
11] Z. Pei, X. Shan, B. Wen, Effect of copper on the adsorption of p-nitrophenol
onto soils, Environ. Pollut. 139 (2006) 541–549.

12] S. Sun, W.P. Inskeep, S.A. Boyd, Sorption of nonionic organic compounds
in soil–water systems containing a micelle-forming surfactant, Environ.
Sci. Technol. 29 (1995) 903–913.



rdou

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

W. Huang et al. / Journal of Haza

13] L. Zhu, B. Chen, S. Tao, C.T. Chiou, Interactions of organic contami-
nants with mineral-adsorbed surfactants, Environ. Sci. Technol. 37 (2003)
4001–4006.

14] M.A. Watanabe, Phytoremediation on the brink of commercialization, Env-
iron. Sci. Technol. 31 (1997) 182A–186A.

15] C.H. Walker, S.P. Hopkin, R.M. Sibly, D.B. Peakall, Principles of Ecotox-
icology, Taylor and Francis, Bristol, PA, 1996.

16] X.R. Hu, G.L. Lu, Y. Yang, Determination of cation-exchange capacity
in clay [Co(NH3)6]3+ exchange method, Chin. J. Anal. Chem. 28 (2000)
1402–1405.

17] V. Monticone, M.H. Mannebach, C. Treiner, Coadsorption of 2-naphthol
and cetylpyridinium chloride at a silica/water interface in relation with the
micellar solutilization effect, Langmuir 10 (1994) 2395–2398.

18] L. Zhu, B. Chen, Sorption behavior of p-nitrophenol on the interface
between anion–cation organobentonite and water, Environ. Sci. Technol.
34 (2000) 1997–3002.

19] S.P. Singh, L.Q. Ma, M.J. Hendry, Characterization of aqueous lead
removal by phosphatic clay: equilibrium and kinetic studies, J. Harzard.
Mater. 136 (2006) 654–662.

20] C.T. Johnston, G. Sheng, B.J. Teppen, S.A. Boyd, M.F. Oliveira, Spectro-
scopic study of dinitrophenol herbicide sorption on smectite, Environ. Sci.
Technol. 36 (2002) 5067–5074.

21] P.K. Chaturvedi, C.S. Seth, V. Misra, Sorption kinetics and leachability of
heavy metal from the contaminated soil amended with immobilizing agent
(humus soil and hydroxyapatite), Chemosphere 64 (2006) 1109–1114.
22] M. Malandrino, O. Abollino, A. Giacomino, M. Aceto, E. Mentasi, Adsorp-
tion of heavy metals on vermiculite: influence of pH and organic ligands,
J. Colloid Interf. Sci. 299 (2006) 537–546.

23] G. Mustafa, R.S. Kookana, B. Singh, Desorption of cadmium from goethite:
effects of pH, temperature and aging, Chemosphere 64 (2006) 856–865.

[

s Materials 155 (2008) 225–229 229

24] A.A. Rouff, E.J. Elzinga, R.J. Reeder, N.S. Fisher, The influence of pH
on the kinetics, reversibility and mechanisms of Pb(II) sorption at the
calcite–water interface, Geochim. Cosmochim. Acta 69 (2005) 5173–
5186.

25] J.F. Hodgson, K.G. Tiller, M. Fellows, The role of hydrolysis in the reaction
of heavy metals with soil forming materials, Soil Sci. Soc. Am. Proc. J. 28
(1964) 42–46.

26] B. Stefan, R. Haderleln, P. Schwarzenbach, Adsorption of substituted
nitrobenzenes and nitrophenols to mineral surfaces, Environ. Sci. Technol.
27 (1993) 316–326.

27] J.R. Fabrega, C.T. Jafvert, H. Li, L.S. Lee, Modeling short-term soil–water
distribution of aromatic amines, Environ. Sci. Technol. 32 (1998)
2788–2794.

28] D.A. Edwards, R.G. Luthy, Z. Liu, Solubilization of polycyclic hydrocar-
bons in micellar nonionic surfactant solutions, Environ. Sci. Technol. 25
(1991) 127–133.

29] S.O. Ko, M.A. Schlautman, Partitioning of hydrophobic organic com-
pounds to sorbed surfactants. 2. Model development/predictions for
surfactant-enhanced remediation applications, Environ. Sci. Technol. 32
(1998) 2776–2781.

30] S.O. Ko, M.A. Schlautman, E.R. Carraway, Partitioning of hydrophobic
organic compounds to sorbed surfactants. 1. Experimental studies, Environ.
Sci. Technol. 32 (1998) 2769–2775.

31] V. Monticone, C. Treiner, Effect of pH and ionic strength on the adsorption
of cetylpyridinium chloride and the coadsorption of phenoxypropanol at

a silica/water interface, Colloids Surf. A: Physicochem. Eng. Aspects 104
(1995) 285–293.

32] T. Behrends, R. Herrmann, Partitioning studies of anthracene on silica in
the presence of a cationic surfactant: dependency on pH and ionic strength,
Phys. Chem. Earth 23 (1998) 229–235.


	Sorption of p-nitrophenol onto sediment in the presence of cetylpyridinium chloride and Pb(NO3)2: Influence of pH
	Introduction
	Materials and methods
	Materials
	Analytical methods
	Batch experiment procedure

	Results and discussion
	Influence of pH on the sorption of PNP in presence of CPC and Pb(NO3)2
	Influence of Pb(NO3)2 at various pH values in multi-solute system
	Influence of CPC at various pH values in multi-solute system

	Conclusions
	Acknowledgements
	References


