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Abstract: A chemical sequential separation procedure for sediment has been developed for the adsorptive investigation of hydrophobic organie
compotmds{ HOCs } ingluding fanr fractions: carhonate, hydrous metallic oxide(ferric oxide. manganese oxide and alumina) , clay and organic
matter, Adsorption isotherms of these hydrophobic solute probes, such as hexachloroethane, lindane and 1.2, 4. 5-tetrachlorobenzene were
measured for model sorhents, model and natural sediment, and the latter of which was prelreated with the simplified sequential separation
method . The linear and Langmuir models are applied to correlate the experimental data of humic substance and other model sorbents
respectively. Multi-component Adsorptive Madel (MCAM )} was used to simulate adsarption isotherms of model and nawral sediment. The resnlts
reveal that( 1) the separation efficiencies of carbonate, organic matter. ferric oxide. manganese oxide and alumina are 98. 1%, 72.5% ,
82.6% , 93.5% and 83.39% , respectively; (2) excepl for removing metatlic oxide, the extemal structure of sediment is nol changed greatly
alter separation; (3) the MCAM correlates the data of adserplion isotherm rather well with the maximal relative deviations of 9.76% . 6.78%
and 9.53% for hexachloroethane, lindane and 1,2, 4, 5-tetrachlorobenaze in model sediment, respectively. The MCAM can clearly give
expression to the different adsorptive mechanisms for HOCs in organic and inorganic matter. though the experimental data in each component are
not very accurale due to the sequential separation efficiency.
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Introduction

The transport and fate of HOCs in lhe environment is highly dependent upon their sorplive behavior on
soil and sediment. Many studies have been reported that the predominant sorbent of HOCs in soil/sediment
is normally the soil/sediment organic matter (SOM) fraction, and the sorption of HOCs occurs largely by
parlilion (dissolution} into SOM { Chiou, 1979; 1998; Karickhofl, 1979; Kile, 1995; Pial, 1996 ) .
However, numerous studies have revealed that sorption on natural solids yields nonlinear sorption isotherms
(Weber, 1991; 1992; McGinley, 1993; Grathwohl, 1993; Young, 1995; Weber, 1996; Xing, 1996a;
1996h; 1997; LeBoef, 1997; Huang, 1997). These resulls are inconsistent with the partition or linear
model in which all sorplion in the sorbents can be attributed to SOM.

To explain the results, it has been proposed that SOM may comprise two principal types of
heterogeneous organic domains, a “hard” carbon domain and a “soll” carbon domain { Weher, 1992;
1996; Young, 1995; Xing, 1996a; 1997; I.cBoel, 1997; Huang, 1997; Carroll, 1994; Pignatello,
1996) , analogous to glassy and rubbery regions, in which the sorption on natural solids can be interpreted
by the known respeclive sorption behaviors of the rubbery and glassy of polymers (Young, 1995; Xing,
1996a; LeBoef, 1997; Huang, 1997) . The glassy domain of S0OM would be expected to exhibit nonlinear
sorption behavior, solute-selute competition. On the contrary, the rubbery domain should exhibit linear
sorption behavior, no solute-solute competition . Thereby, Weber and coworkers(Weber, 1992; McGinley,
1993) introduce the distributed reaetivity model (DRM}, in which sorption of HOCs shows a combination
of partitioning and adsorplion depending on the nature of SOM. They correlated nonlinear behavior with the
fraction of hard organic carbon. In recent siudies ( TeBoef, 1997; Huang, 1997}, they advanced the
limiting ease form of DRM, the dual reactive domain model {DRDM), for characlerizing soil and sediment
domains{ Webher, 1996) ,

Nevertheless, the sorbent nature of SOM cannot be determined unambiguously from studies of low-

organic soils/sediments by virtue of the possible role of the minerals in the observed behavior ( Xing,
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19964} . While some information is available on organic matter colloids, sorption in these materials is
difficult to quantilale, and it is nat clear to what degree colloids represent solid-phase SOM ( Xing,
1996a) . Xing and his coworkers( Xing, 1996a; 1996b; 1997) described competitive sorption on natural
and model sorhents. They introduced dual-mode model(DMM } and suggested that sorption in SOM, like
glassy polymers, yiclds partition(dissolution) and hele-lilling mechanisms. According 1o the DMM( Xing,
1996a; 1997), the total sorption to SOM is the sum of sorplion in the dissolution domain S (D) and
sorption in the hole-filling domain S{H). The DMM for the glassy polymer can be written as:
" 5%.C

$ = S(D) + S(H) = K.C+ Mg, —2
¥ 2—14 1+ b0

(1

Where C is the solute concentration and K, is the partition domain coefficient, and b and §° are the
affinity constant and maximum capacity, respectively, for each of n unique holes. Despite the model
sorbents are analogous Lo those components of soil and sediment, sorbents cannol completely substilute for
components. However, relatively few atlempls have been made (o evaluale directly the contribulion of each
componenl in natural solids(Laird, 1994}, especially in sediments. Larid and coworkers (Laird, 1994)
used chemical extraction techniques to treal soil clay for the removal of organic matter and free Fe
compounds, and then quantified the relative contributions of organie matter, free Fe and silicate clay to the
sorption of alrazine.

Chemical extraction techniques are a traditional approach for soil chemical analysis and used in
determination of speciation of trace metals in natural solids{ Tessier, 1979; Rapin, 1986; Niss, 1993;
Martens, 1997 ). Tessier and coworkers ( Tessier, 1979; Rapin, 1986) firstly proposed the use of
sequential extractions for the investigalions of specialion of particulale trace metals in {luvial bottom
sediment. They divide sediments into five fractions: (1) exchangeable; (2) hound to carbonates; (3)
bound to iron and manganese oxides; (4) bound 1o organic matter; (5) residual. The five lractions were
sequentially extracted with chemicals. Tang and his coworkers ( Tang, 1982) advanced a sequential
chemical separation procedure to study the heavy melal adsorption on mulli-component adsorplion medel of
aqualic sediments and obtained good resulls. Since the adsorption of HOCs is also presented in the clay
mineral, hydrous metallic oxide and other inorganic matter( Xing, 1996a; LeBoet, 1997; Laird, 1994;
Murphy, 1990; 1994; Gu, 1994), the method of sequential separation may be used to study the
adsorption of HOCs in components of sediments after modified.

The objectives of this study are focused on the followings. First, to introduce the sequential separation
method of sediment for the adsorptive isotherm of HOCs. Second, to investigate the single solute adsorption
isotherms of hexachloroethane, lindane and 1,2,4, 5-tetrachlorobenzene on model sorbents and sequential
separated sediment. Finally, to introduce the MCAM that is analogous to DRDM{ LeBoef, 1997; Huang,
1997) and DMM(Xing, 1996a; 1996h; 1997) to correlate adsorptive data.

1 Materials and methods
1.1 Sample

Sediment samples were collecled al two sampling stalions, Xinghai and Lachutan bay located in the
south offshore of Dalian City of China. The samples were air-dried. Subsequently, they were gently and
slowly grinded and homogenized in & morar, and particles larger than 200 mesh were removed by a sieve,
and stored at 4°C . Two pretreated sediments were mixed with 1 + 1 as the original separated sample. Each
sample was analyzed for the following properties. Carbonate is determined by gasometric method . Organic
malter is delermined by K; Cr, (); oxidation method. Free iron, manganese and aluminum are determined by
I, 10-phenanthroline colorimetric method, ammonium persulfate method, and pyrocatechol violet

colorimetric method respectively. Clay is determined by sedimentation-extraction-gravimetric method
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(INSCAS, 1978).
1.2 Model sorbents

Hlite, kaolinite and montmorillonite were purchased from Nanjing Soil Research Institute of Chinese
Academy of Sciences ( > 90% ). Ferric oxide, manganese oxide, alumina and calcium carbonate were
purchased from Reagent Corporalion of Dalian (analytical pure). Humic substance was extracted from
lignite by our own laboratory ( > 98% ) .
1.3 Chemicals and reagents

Hexachloroethane, lindane and 1,2,4, 5-tetrachlorobenzene were used as the targel or probe solutes
for the adsorption isotherm measurcments, that these chemicals were purchased [rom Environmential Monitor
Stations of China { standard samples of SEPA) . Solvent benzene was purchased frem Beijing Chemical
Plant (GC pure) . Ligroin was purchased from Dongfeng Chemical Plant of Dalian { analytical pure) , which
was redistilled uniil the interference peak of chromatographic solvent disappeared.
1.4 Sequential separation procedure

Numerous studies have showed that the organic matler, mineral matter in sediment exhibit distinct
contributions to the sorption of HOCs ( Chiou, 1979; Karickhoff, 1979; 1998; Laird, 1994; Murphy,
1990; Cu, 1994). Therefore, the effective components of sediments can be divided into three segments:
l.e. organic maticr, clay mineral and hydrated metal oxide. The sequential separation procedure is to
remove ellective components of sediments sequentially according Lo the research demand. Then the residues
are used in the adsorption experiment. The adsorptive mechanism and capacily of each component can be
obtained by mathematical deduction. The sequential separation procedure is performed as follows
1.4.1 Carbonate removal

The reason to remove carbonate as the first procedure is that those reagents in the process of removing
hydrated metal oxide may decompose carbonate. Carbonate was removed from separated sediment (400g) at
room temperature by using 1000 ml of 1 mol/L sodium acetate(NaAc) adjusted to pH 5.0 with acetic acid
(HAc) . The sample was continuously agitated about 6h and settled for 24h. The supernatant was
discarded , and then the sample was thoroughly diluted with enough distilled water and centrifugalized . The
wet sample was dried at 50°C by infrared lamp.
1.4.2 Organic matter

The sample {about 80g) after the removal of carbonate was transferred into 500 ml beaker and treated
with 30% 11,0, to remove organic matter.
1.4.3 Fe-Mn-Al oxides

The residual sample was extracted with 50 ml of 1.2 mol/L oxalic acid {H,C,0,) and 0.8 mol/L
ammonium oxalale ({NH,),C,0,; pH 3.2) and thoroughly shaken for about 1h. The samplc was sellled
for 24h and the supernatlant was discarded. The above-mentioned process was repeated for five times. The
sample was centrifugalized and diluted with distilled water.
1.4.4 Residue

The components of residual sample were mainly clay, sand, silt and other inorganic compounds.

After sequential separation, each sample was analyzed for its physical and chemical properties just
like the initial mixed sample. Furthermore, all samples were scanned with electron microscope { KVKY-
1000B) .
1.5 Adsorption of model sorbents

Nlite, kaolinite and montmorillonite were mixed with the proportion of 1:1:1 as the clay components.
Ferric oxide, manganese oxide, and alumina were mixed with 1:1:1 as the metallic oxide components.

Carbonate , humic substance, metallic oxide and clay were mixed with the proportion of 3.16:2.54:0.12:
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7.7 to model the components of nutural sediment. The madel clay(1g), metallic oxide (lg), carhonate
{1g), humic substance {0.5g) and model sediment were put into 150 ml ground glass triangular botile
respectively. Each bottle was added into 30 ml Kester antificial seawater( Xue, 1988) and sealed, shaken
for 2h (25%C ). And then hexachloroethane, 1,2, 4, 5-tetrachlorobenzene and lindane were added inlo
different botiles with different concentration. The bottle was sealed and shaken for 8h (25%C) to attain
adsorption equilibrium. They were subscquently transferred into centrifuge tubes and centrifuged {10000 tf
min, 15 min) and decanted. The supematant(10ml) was extracied with benzene and ligroin{1:1, 5ml)
for two times. Raffinale was dried with anhydrous sedium sulfate and analyzed with GC/ECD { Japanese
SHIMADZU 9A, Ni ® electron capture detector) ,
1.6 Adsorption of sequentially separated sediments

Natural mixed sediment was only divided into two parls, organic matler and inorganic matter, and
separaled accarding le above vrganic matler separaled procedure. The method of adsorplive experiment was
the same as that of the adsorption of model sorhents.
1.7 Multi-component adsorptive model

It was assumed that the initial natural sediment was sequentially separated to a stages. HOCs were
adsorbed with sequentially separated sediments sample including initial sediment. We hypothesized that
components of sedimenl are mechanically mixed and their adsorptive property is not destroyed by sequential

separation . Thercby, we could obtain equations according to the law of mass-conservation .

Graan = Gudq + Cog; + A + 0,49, , (2)
Guar = GG + o + A+ oa g (3)
Go = Gy + dynt,. (4)
Where, q., i3 the adsorbance of unit muss of initial sediment, and ¢,, ,_, is the adsorbance of

unit mass of the first sequential separated sediment, and g, is adsorbance of unit mass of the final
scquentially separated sediment. «,, is percentage of the componenl compared with total sediment. The
quantity of q,, ¢;;°** ¢y, van be obtained from adsorplive experiment, and g, g, can he calculated
with Equation (1), (2) and (3). The adsorption isothermal equation (g, = f,(C))) of each component
can be developed with a group of equilibrium data. Besides, the 1olal adsorbance (g, ) is equal 16 g5, .

In summary, the adsorptive model of sediment can be shown with the sum of components .

gr = 24, £0C). (5)

Equation (5) shows the adsorptive capacity and cutve forms of components of sediment to adsorb
HOCs .
2 Results and discussion
2.1 Sequential separation procedure

The physicochemical characterization of sequentially separated sediments js listed in Table 1. The
results revealed that the percentage of residual components did not change greatly alter separation. The
removal percentage of carbonate, organic matter, ferric oxide, manganese oxide and alumina is 98.1%,
72.5% , 82.6% , 93.5% and 83.3% respectively (‘Table 2} . The scanning eleciron micrographs (SEM )
{Fig. 1) of mixed sediment (A) indicated that the majority of parlicles are aggregated and come into
existence with massive, amorphous state. The superficial state of (he removed sediment for carbonate (B)
and organic matter () did not change significantly in comparison with that of the mixed sediment.
However, The SEM of melallic oxide sediment revealed thal many finely greund parlicles existed and the

dispersity of particles increased greatly. X-ray energy spectrum analysis showed that the surface of blocky
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matter was mainly composed of Fe, Al and Mn metallic elements in the first three kinds of sediments.
Thus, particles are supposed to be connected with metallic oxide. Although there has been limited research
into problems of separation efficiency and variation of superficial structure ( removed metallic oxide
sediment), the metlhod of sequential separation can be effectively used for obtaining informations

concerning the adsorption of HOCs.

Table 1 Component of sorbents

Sorbent Carbonate, % Organic matter, %  Fe; 05, % MnO, mg/kg ALOy, % Clay, %
Xinghai Bay sediment 4.39 7 i.43 0.073 531 0.047 16.6
Laohutan Bay sediment 1.62 3.25 0.075 25.6 0.042 30.1
Mixed sediment 3.01 2.84 0.074 39.4 0.045 23.3
Carbonate removed sediment 2.90 0.073 38.7 0.041 23.9
Organic matler removed sediment 0.075 37.6 0.042 24.4
Metallic oxide removed sediment 24.5
2.2 Model sorbents Table 2 The removing efficiency of sequential separation procedure of mixed

The  adsorption  isotherms  of sediment

hexachloroethane, 1,2,4,5-tetrachlor- Sequential separation Removing efficiency, %
obenzene and lindane are linear in humic ~ Procedure Carbonate  Organic matter  MnO  Fe; O3 AL O;
substance, and nonlinear in metallic Carbonate removed 98.1 1.2 4.6 4.3 10.0
i X Organic matter removed 72.5 4.7 -=-2.2 Q
oxide, carbonate and Clay ( FIgS .2 - Metallic oxide removed 93.5 82.6 833

4). All sets of equilibrium adsorption
data were fitted with Langmuir model or
linear model :

(1) the linear model:

qﬂ = KDLCe' (6)
(2) the Langmuir model; = R T e
Q"bC,
7= = 1% vC.’ (7

Model parameters, for which with
95% confidence intervals, observation
number and the proportion of components

are presenled in Table 3.

The Multi-component adsorption

model can be derived from the Fig.1 Scanning electron micrographs of mixed sediment ( A); carbanate

. g . . removed sediment ( B); organic removed sediment (C) and metallic oxide
summation of individual adsorption )
. removed sediment{ [})
equation :

3 0
‘ Qibfcﬁ‘

Gor = Gen + o = & K€, + D a; ==, (8)

T L NL 1 nl l_:f 1 ¥ biCE

Fig. 5 shows adsorption isotherm data of model sediment and the results predicted by MCAM.
Where, ¢, and C, are the equilibrium solid-phase and aqueous-phase solute concentrations (expressed as
pg/g and pg/L, respectively); K, is the distribution coefficient of the linear model; g, 1, ¢.. and g,
in Equation (8) are the total, linear contribution, and nonlinear contribution of solid-phase concentrations
to the MCAM respectively; @, and a, are respectively the percentage of the linear and nonlinear
components in model sediment; b, and Q) are the Langmuir site energy and capacity factor for the

nonlinear components of MCAM; the subscript i denotes nonlinear components.
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Table 3 Sorption isotherm parameters
Linear maodel Langenair madel
Sorbent ay. % Adsorhale
K, R L b R? n
Madel sorbents -
Carbonate 10.3 i 127.12£20.5 16,92+ 3 .82 0.996 6
1L 9.742 + (}.851 251.3+28.1 0.999 6
i 2.581 £ 0178 82.76 £ 1044 0.9497 6
Metallic oxide 0.4 | 121,6+6.6 0.369 + 0.834 0.998 6
1 5.1 x1.115 271.9+76.3 0.996 6
T 4.2%3 £ 0. 158 93. M x5.72 (0.999 6
Clay 7.6 1 162.5+£20.4 10,42+ 2.0 (1.995 6
1 6.878 +2.158 458 .8 =+ 169.7 0.997 6
111 5.416+0.933 145.1£36.0 0,994 3}
Humic substanee 9.7 I 17.43+0.19 0,998 3]
11 2.602 £0.032 (. 997 g
[ 1.194 £0.018 {.997 6
Natural mixed sediment
Organic malter 2.84 1 23.93+0.21 0.998 7
ir 2.868 +{.055 0.991 7
m 1,182+ 0.025 0.991 7
Inarganic malter 95.27 | 105.9+20.1 11.53+3.05 0.993 7
1 2.538+0,18Y 55.40+ 8.35 0.992 7
mar 26 85+ 11.88 400.9 £ 208.9 0.994 7
Notes: [: Hexachloroehenes [1: lindane; IM1: 1,2,4,5-tetracelorobienzene
100+ o Carbor_la[e . 3 o Carbouate a 250
40 Metallic oxide 7 © Mealiic oxide
o 80 - Z gla\'. 44 v Clay - 200
umic ‘
= 1 substance g & Huwmic substance "
2 604 LR 4150 5%
5 i = =
= ) P
404 [ 4100 <
20+ 1 450
0 a2 a4 I : 04 T 17— 710
4 6 8 0 0 20 40 &0 80 100 §20
C, ngl Ce, bg/l
Fig.2 Adsorption 1sotherm of  hexachlorocthane by Fig.3  Adsorption isolherm of lindane by model sorbents
model sorbents
From the information presented in Figs. 2 - 4
4 O Carbonate o i¢o T Lo . . .
o corpla . and Table 3, it is evident that adsorplion isotherms of
J Metallic axide 10
34 ¥ Clay hexactdorocthane, lindane and 1,2, 4. 5-tetrachloro-
w4 © Humic substance 1 . . )
= 1602 benane are correlated very well with lincar model for
2 24 . . .
i a0 %= humic substance, and with Tangmuir model for
I 1 . . -
o ; carbonate, melallic oxide and clay mineral ( R® > 0.
] 1% 994).
o — — 7 ? Fig. 5 demonstrates that the MCAM correlates the
v 20 2‘0 . g{io 80 100 isptherm data of model sediment rather well. The
maximal relalive  deviations for hcxachloroethane,
Fig.4 Adsorption isotherm o 1,2, 4. 3 - Jindane und 1,2, 4, S-tetrachlorobenane are 9. 76% ,

tetrachlorobienzene by model sorbents

6.78% and 9.53% , respectively. The resulis show
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that adserptive capacity of model sorbents changes litile after mixing. The hypothesis that all components of
sediment are mechanically mixed has been verified, though the change may occur( INSCAS, 1978; Gu,

1994) .

80 10
- - ) a Data for lindane
. E 4 - - -Prediction for lindare -1
g 60 Phd o Data for tetrachlorobenzene . I
& 3 22 30§ ———Prediction for tetrachlorobenzene -
o . & -E.ln 0 rediction for tel i
CE 40 P < G b P =
e = =
g 10 -
204 V. o Data for hexachlorogthane . s
| F ~ = Predigtion for hexachloroethanc| 1 o~
o AL,
4] T T T T T T T T T D-q r T r T T T r T T
f 2 4 6 8 10 0 20 4 60 g0 100
C.. vt
C. vge

Fig.5 Adsorplive isotherm of hexachloreethane, lindane and 1,2,4, 5-tetrachlorobenzene by model sediment{ data

point is 5% relative deviation)

Table 4 shows the proportions ol adsorptive capacity {or hexachloroethane, lindane and 1,2,4,5-
tetrachlorobenane in model sorhents. It is evident that the adsorplive capaeily of inorganic sorbents cannot
be neglected for the adsorptive isotherm of hexachlorvethane, 1,2,4, 5-tetrachlorobenane . Furthermore,
clay is the predominant group in inorganic sorbents for the adsorptive isotherm of the above-mentioned

HOCGCs.

Table 4 The proportion of adsorptive capacity of sorbents in model sediment

Organic watler, % Cathonate, % Metallic oxide, % Clay, %
H?ﬁchlornellmne I.66-17 .‘)7 5.23-5.66 0.30 - 0?34 . 76.07 - 82.77
Lindane 94.15-95.13 1,10 - 1.44 0.02-0.03 3.74-4.38
1.2,4, 5-tetrachlorobenzene 78.42 - 85.06 1.16-2.05 0.07-0.12 13.71 - 19.42

2.3  Sequential separation sediment

The results in Table 4 indicated that the carbonate and metallic oxide can be neglecied in the
adsorption of HOCs in this study. To simplify the experimental procedure, the mixed sediment is divided
inlo organie and inorganic matter. Therefore, the sequential separation procedure is only to remove organic
matler, The removal percenlage of organic maiter is 74. 5% thal is slightly higher than the above-
mentioned resull. The two-component adsorptive model is deduced according lo the above method (Eq.
{2) ~ (53)) and the model parameters are shown in Table 3. The adsorptive isotherms of hexachleroethane,

lindane and 1,2,4,5-tetrachlorobenane in mixed sediment,

40

organic and inorganic matter are shown in Fig. 6 to Fig. 8 . s(,)ll‘b.:;:mc::::l;lcr .

according to the proportion of components in sediment. 0 Mixing sediment

From Figs. 6 — 8, it is evidenl thal the predominant ®

fraction of adsorption  is  inorganic  maller  for = 20

hexachloroethane and 1, 2, 4, 5-tetrachlorobenane and =

organic malter for lindane. Furthermore, the adsorptive

capacity of inorganic matter for lindane is from 33.4% to 0 T : ;
U 2 4 6

16.3% in total sediment that is significant and cannot be C. wgl

neglected. The reason is thal the proportion of inorganic

maller 1s ubsolulcly dominant in sediment (95 i 27%) . On Fig.6  Adsorption isothenm of hexachloroethane by
. . sequential separation sediments
the conirary, the organic matter is only 2.84% . However, Jucnlial SeparEiel =



202 QUAN Xie et al. Voi. 4

the proportion of adsorptive capacity of organic matter is enhanced with the increasing of equilibrium
concentration of solute { Figs. 6 — 8). Besides, when the product of langmuir site energy (b) and
equilibrium concentration ( €, ) is about hall of the numerical value one, the adsorplive isotherm of
inorganic matter shows linear or constant { Q") . Therefore, the adsorptive isotherm of sediment will show
linear in very low or high solule concentration that does not prove thal lhe adsorptive mechanism is

completely partition or dissolution,

[
o Organic matier
6 . 1 a Inorganic mnatier
P oOmanic nutter . ;
E A Tnorganic matter O Mixing sediment
O o Mixing sediment 4
4 o0
o0 T
) 4 a
El B
. 24 o 2]
=
e T T T 1 T T T 094 T T T T T T T T ¥
20 40 80 HOo
0 60 0 20 40 60 80 100
C, wgl C, wgl
Fig.7  Adsorption isotherm of lindane by sequential Fig.8 Adsorption  isotherm  of 1, 2, 4, 5-
separation sediments tetrachlorobenzene by sequential separation sediments

In summary, lhough the adsorptive isotherm data of each component are not adequately accurate
because of the effect of separate efficiency and the change of exlemnal structure, the sequential separation
method and MCAM of sediment can clearly explain some adsorptive phenomena and give expression lo

different adsorptive curve forms.
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