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Abstract

Limited information exists on natural nanocolloid sorption behavior of As, Se, Cu and Pb in the en-
vironment. They are expected to have variable competitive sorption characteristics depending on
size and composition and may transport elevated contaminant loads into surface and ground wa-
ters. A comprehensive characterization of their interactions with contaminants could provide a
better understanding of the risks they pose to the environment. This study evaluated the sorption
behavior of soil and biosolid nano- and macro-colloids with different mineralogical compositions
for As, Se, Cu, and Pb contaminants. Single- and multi-contaminant Freundlich isotherms were us-
ed to evaluate sorption affinity for the contaminants among the different colloid sizes and compo-
sitions. Sorption trends based on size indicated greater affinity for As and Cu by the smectitic and
kaolinitic nanocolloids, greater affinity for Pb by the kaolinitic nanocolloids, and greater affinity
for As, Se and Pb by bio-nanocolloids over corresponding macrocolloid fractions. Both, single- and
multi-contaminant isotherms indicated sorption preferences for cation over anion contaminants,
but with somewhat contrasting sequences depending on size and composition. Multi-contaminant
isotherms generally predicted greater sorption affinities likely due to bridging effects, particularly
for anionic contaminants. Surface properties such as zeta potentials, cation exchange capacity
(CEC), surface area (SA), organic carbon (0C), and OC:SA significantly but variably affected sorp-
tion characteristics among the differing colloid sizes and compositions. Colloid zeta potential and
pH shifts in the presence of different contaminant loads suggested prevalence of inner sphere
bonding mechanisms for sorption of cation contaminants by mineral colloids and outer sphere
sorption for cation and anion contaminants by bio-colloids.
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Composition Effects

1. Introduction

Major environmental concerns have developed within the past decade in regard to large-scale contamination of
natural resources. The vast devastation experienced from catastrophic events such as hurricanes Sandy (2012)
and Katrina (2005) have highlighted an ongoing water quality issue, which is the transport or mass influx of
contaminants into groundwater supplies following storm events. Remediators need information on contaminant
interactions at the soil-water interface and how these interactions affect contaminant plume movement and con-
taminant transport in surface and ground waters. One potential vector of contaminant transport that should be
further investigated is that of naturally occurring environmental nanoparticles, such as those derived from soils
or biosolids [1]-[4]. Soil nanoparticles include humic substances, clay minerals/colloids, and metal hydroxides
[4]-[6]. Large volumes of biosolid nanoparticles are introduced into the environment from human and animal
wastes applied to land as fertilizers [7]. More recently, the development and application of engineered nanopar-
ticles for remediation of contaminant plumes has also raised concerns about their mobility and biotoxicity in the
environment [8] [9]. Research on naturally occurring environmental nanoparticles is limited with regard to their
behavior in environmental media, both as potential contaminant transport vectors and as models for manufac-
tured nanoparticles [1]-[4] [10].

Current findings suggest that soil and biosolid nanocolloids may possess larger surface area and increased
reactivity than macrocolloid fractions and therefore, a greater potential to sorb and transport larger quantities of
heavy metals to groundwater [3] [5] [11]. Both mineral and biosolid-derived nanocolloids can form inner- and
outer-sphere complexes with heavy metals via surface siloxane, aluminol, carboxylic, and phenolic groups [12]
[13]. Drops in pH or zeta potential with increasing contaminant loads have been associated with inner sphere
sorption due to proton release after the exchange of the cation contaminant, or due to hydrolysis/precipitation of
the metals [14]. The type of bonding between nanocolloid surfaces and contaminants also dictates the likelihood
of re-suspension of the contaminant in different ionic or pH environments, further demonstrating the need for a
better understanding of the solid-solution interface reactions between nanocolloids and potential contaminants
[11][12].

Elevated concentrations of contaminants such as As, Se, Cu, and Pb in water supplies have raised considera-
ble environmental concerns [12] [13]. Increased levels of these contaminants are attributed to both soluble and
particulate sources [5] [11]. Both As and Se are considered as metalloids, and are usually present as oxy-anions in
soil environments while Cu and Pb are cationic metals [15] [16]. Studies of their interactions with various clay
minerals suggest that their sorption behavior is controlled by the competition between ions in solution and the
clay surface, pH, ionic strength, and mineralogy [12] [17]. Arsenic and Se tend to form outer sphere complexes
with variable charge minerals and phyllosilicate edges and inner sphere complexes directly with Fe-oxyhy-
droxides or through bridging with Fe/Al hydrolytic species associated with organic functional groups [18] [19].
On the other hand, the interaction of Cu and Pb with colloids is mainly controlled by ion exchange processes,
with electrostatic surface bonding and chemisorption to surface SiOH and AIOH groups [19]. Since most phyl-
losilicate mineral surfaces are negatively charged, they are expected to repel oxy-anions like As and Se, and at-
tract cations such as Cu and Pb. However, the presence of organic functional groups and/or Fe/Al-oxyhroxides
as discrete phases or coatings on clay surfaces may cause significant surface charge alterations and drastic con-
taminant sorption behavior changes in colloidal fractions albeit with their mineralogical composition [20]-[22].
While the sorption behavior of As, Se, Cu, and Pb contaminants with clay sized fractions of different minera-
logical composition has been extensively studied, very little information exists on their interactions with na-
no-sized particles under single- and multi-contaminant solution environments.

The objectives of this study were to evaluate the sorption affinity of soil and biosolid nano- and macro-collo-
ids of diverse composition for As, Se, Cu, and Pb under single- and multi-contaminant solution environments.

2. Methods and Materials
2.1. Colloid Generation

The Bt horizons of three Kentucky soils of differing mineralogy were used to generate the mineral colloids: Ca-
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least-variant (fine, smectitic, mesic mollic Hapludalf), Tilsit (fine-silty, mixed, mesic Typic Fragiudult), and
Trimble (fine-loamy, siliceous, mesic Typic Paleudult), referred to herein as smectitic, mixed, and kaolinitic,
respectively. Biosolid colloids were fractionated from an aerobically digested municipal sewage sludge obtained
from Jessamine County, Kentucky. Centrifuge fractionations using Stokes law allowed separation of the two
size classes (nanocolloids < 100 nm and macrocolloids 100 - 2000 nm) using a Centra GP8R Model 120 centri-
fuge (Thermo IEC). Clay fractions were separated from bulk soils by centrifugation at 107 RCF for 3.5 minutes,
as calculated using a rotor radius of 170 mm, 107 RCF, a density difference of 1650 kg-m >, and viscosity of
0.0008904 Pas. Nanocolloids were then separated from corresponding macrocolloids at 4387 RCF for 46 mi-
nutes, as calculated using a rotor radius of 170 mm, a speed of 4387 RCF, a density difference from water of
1650 kg'm 3, and viscosity of 0.0008904 Pas [5] [23]. The colloids were generated with de-ionized water (resis-
tivity of 1 uQ-cm at 25°C).

2.2. Sorption Isotherms

Nano- and macro-colloid affinities for the four contaminants were evaluated with single- and multi-contaminant
adsorption isotherms using duplicate colloid suspensions of 50 mg colloid L™ in de-ionized water spiked with 0,
0.2,0.5,1,2,5and 10 mg-L* of As, Se, Cu, and Pb. Equilibrium aqueous solutions of Pb, Cu, As and Se were
prepared from PbCl, (98% purity, Aldrich Chemicals, Milwaukee, WI), CuCl, (>99% purity, Sigma Chemical
Company, St. Louis, MO), arsenic acid Na,HAsO4*7H,0 (98% purity, Sigma Chemical Company, St. Louis,
MO), and sodium selenate decahydrate Na,SeO,*10H,0 (99.9% purity, Sigma Chemical Company, St. Louis,
MO). Multi-contaminant adsorption isotherms were generated with multi-contaminant equilibrium solutions in
which the sum of the four contaminant concentrations was 0, 0.2, 0.5, 1, 2, 5, and 10 mg, respectively.
MINEQL" speciation of the equilibrium solutions suggested the following predominant species: 99.9% Pb*",
99.9% Cu?*, 99.7% Se0,” (selenate, V1), and 98.6% AsO; (arsenate, V). Isotherm samples were equili-
brated by shaking for 24 hours at room temperature (25°C) in polyethylene tubes with pH measurements taken at
0 and at 24 hours. After shaking, 0.025 pum nitrocellulose filters were used to separate the supernatant from the
colloidal fraction. Supernatant fractions were preserved with 1% nitric acid, stored in polyethylene vials, and
analyzed within 24 hours via inductively coupled plasma mass spectroscopy (ICP-MS).The mass of contaminant
sorbed per mass of colloid was calculated and plotted using the Freundlich equation:

Y x(Cin—-Co)
- M

where g is the mass of contaminant sorbed per mass of colloid, V is the solution volume used in the sorption
isotherm experiment, C;, is the amount of contaminant added in solution, C, is the amount of contaminant
measured at equilibrium and M is the mass of the sorbent. The log version of this equation

(Logqg = NLogC,, +LogK, ), yields a straight line with N slope, LogCe the x-variable and LogK; (Freundlich
sorption coefficient) the y-intercept [24]. Isotherms were also normalized for colloid surface area and OC con-
tent but did not produce statistically significant trends [25].

=umol-kg™,

2.3. Physico-Chemical and Surface Characterizations

All analyses were performed on suspensions of 50 mg colloid L™ in de-ionized water. A Malvern Instruments
Zetasizer Nano ZS (Malvern, United Kingdom) measured suspensions for intensity weighted mean particle hy-
drodynamic diameters (z-average diameter) using dynamic light scattering (173" backscatter analysis method).
Nano- and macro-colloid crystallite sizes were determined using transmission electron microscopy (TEM; JEOL
2010F, Tokyo, Japan) and scanning electron microscopy (SEM; Hitachi S-4300, Tokyo, Japan), respectively.
ImageJ software was used to calculate average minimum diameters (ImageJ 1.46r, Wayne Rasband, National
Institutes of Health, USA). Surface area was measured using the Ethylene Glycol Monoethyl Ether (EGME)
method. Electrical conductivity and pH were measured on a Denver Instruments Model 250 pH=*ISE=electrical
conductivity meter (Arvada, CO). Cation exchange capacity was determined using an adapted version of the
ammonium acetate method and reported as a sum of the base cations Ca®*, Mg, K*, and Na*, as measured with
a Varian Spectr AA 50B atomic absorption spectrometer. Organic carbon was measured on a Flash EA 1112 Se-
ries NC Soil Analyzer (Thermo Electron Corporation) with a Mettler Toledo MX5 microbalance. Zeta potentials
in the presence of 0 and 2 mg-L™* Ph, Cu, As, and Se were converted from electrophoretic mobility measure-
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ments using the Smoluchowski approximation on a Malvern Zetasizer Nano ZS (Malvern, United Kingdom).

2.4. Mineralogical Characterization

Mineralogical characterizations were completed using X-ray diffraction (XRD) and Thermogravimetric analysis
(TG) on a Phillips PW 1840 diffractometer and PW 1729 X-ray generator (Mahwah, NJ), and a Thermal Analyst
2000 (TA Instruments) equipped with a 951 Thermogravimetric Analyzer (DuPont Instruments), respectively
[23].

2.5. Statistical Analysis

The standard accepted error level for all duplicate and triplicate samples was 15%. Mean differences in sorption
Freundlich coefficients (LogK;) and changes in the isotherm pH were calculated using the general linear model
(PROC GLM). Mean differences (overall and based on mineralogy, size, and contaminant) were developed us-
ing Fisher’s protected least significant difference test (LSD) in SAS using probability levels of 0.05, unless oth-
erwise noted. Competitive sorption relationships were analyzed between colloid properties and sorption coeffi-
cients using multiple regression analysis with probability levels of « < 0.05 and « < 0.01 in SAS 9.3 (SAS Insti-
tute Inc., Cary, NC, USA).

3. Results and Discussion
3.1. Single-Contaminant Isotherms

The data conformed well to the Freundlich equation, showing R? values between 0.93 and 0.99 with differing
sorption trends for each contaminant. The majority of 1/n values were <1.0, suggesting uniform sorption surface
coverage, but As sorption by biosolid colloids and Se sorption by smectitic colloids indicated the potential for
multiple coverage mechanisms with 1/n values >1.0. Generally, As sorption coefficients were the lowest among
the contaminants studied (Figure 1). Macrocolloid sorption affinities for As ranged from 1.67 to 3.48, with the
highest representing the mixed mineralogy and the lowest the biosolid colloids (Figure 1). Sorption affinities for
As within the nanocolloids ranged from 1.85 to 3.60, with the highest affinity associated with the kaolinitic and
the lowest with the biosolid colloids (Figure 1). Statistically significant trends among compositions for As af-
finity by macrocolloids followed the sequence: Mixed (A) > Smectitic (B) > Kaolinitic (C) > Biosolid (D); and
by nanocolloids Kaolinitic (A) > Smectitic (B) > Mixed (C) > Biosolid (D) (a < 0.05). Typically, Fe-oxy-hy-
droxides and kaolinitic clays have demonstrated higher sorption capacities for arsenate [26] [27] than for illite or
smectite [19], especially in the presence of humic acid surface coatings [21]. However, Fe-hydroxide and or-
ganic coatings may increase As sorption by phyllosilicate minerals via inner sphere complex formation [18] [19].
The biosolid colloids showed lower overall As affinity than the mineral colloids (Figure 1), contrary to studies
showing increased arsenate sorption with increasing organic matter composition [21] [27]. This could be ex-
plained by the higher pH (Table 1) and phosphate content of the bio-colloids compared to the mineral colloids.
Arsenate sorption has been shown to decrease with increasing pH and phosphate has a tendency to displace As
[18] [28]. A colloid size comparison for As affinity suggested greater sorption for nano-colloids than ma-
cro-colloids in all compositions, except for the mixed colloids (a < 0.05; Figure 1). Ideally, the nano-fractions
due to their higher negative zeta potentials (Table 2) were expected to have lower Kf vaues for anionic conta-
minants, but the presence of OC surface coatings and bridging effects with Fe/Al hydrolytic species (Table 1)
may have enhanced their affinity for As [19] [29].

Selenium also exhibited low sorption coefficients compared to those of Cu and Pb (Figure 1). Sorption affini-
ties for Se within the macrocolloids showed no particular preference for composition, ranging from 3.09 to 3.49.
The highest affinity was observed with the mixed mineralogy and the lowest with the smectitic colloids (Figure
1). The wider range was observed within the nanocolloids (2.06 to 3.53) with the highest affinity represented by
the mixed mineralogy and the lowest the smectitic composition (Figure 1). The higher affinity of the mixed
colloids for Se over the smectitic could be associated with contributions from its higher kaolinite content and
from the mica minerals that exhibit similar to kaolinite Se sorption trends at low pH (Table 1) [30] [31]. Statis-
tically significant sorption affinity for Se by macrocolloids followed the sequence: Mixed (A) > Kaolinitic =
Biosolid (B) > Smectitic (C); and by nanocolloids Mixed (A) > Biosolid (B) > Kaolinitic (C) > Smectitic (D) (a <
0.05; Figure 1). Negative linear correlations between Se sorption affinity and smectite content are consistent
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Figure 1. Single-contaminant isotherm Kf values for As, Se,
Cu, and Pb for macro- and nano-colloid fractions of different
composition (capital letters portray trends across all four con-
taminants within each composition, while lower case letters
display trends for each contaminant across all four composi-
tions).

Table 1. Selected physical and chemical characteristics of nano- and macro-colloid fractions.

Colloid Composition

Size Fraction Smectitic Mixed Kaolinitic Biosolid
Macro Nano Macro Nano Macro Nano Macro Nano

DLS' Mean Hydrodynamic

Diametor (0 £50° (umy 487 £10 1813 596 + 21 205+ 4 545425  187+4 4456509 353+8
[
SEM/TEM 'Mean Smallest 55, 144 37+13 549+394 745 288+184  41+19 363£338 50+19
Particle Size £SD* (nm)
Surface Area 708 + 137 87976 420+£105 466 10 333+37  389+44 167470 1303 £63

(SA, m?g ) £SD*
lonic Strength (IS, mol-L%)®  4.99 x 10° 7.71%x10° 370x10° 3.92x10* 364x10° 4.83x10° 1.97x10* 596 x10*

Natural pH 492 5.12 5.07 492 491 5.38 5.39 5.25
CEC (cmol.kg b 350+128 422151 89+16  105%17  69+18 13128 37.6+148 71.0+230
0C (mg-kg ) 658 897 645 774 430 647 1300 16000

OC:SA 0.93 1.02 1.54 1.66 1.29 1.66 0.78 12.28

Ke, Ges, Qs,  Kas, Ge7, Qs (o~ i Kss, Geus,
MViy May, Mao, M7, 2% P0G Gie, Qz Ma, NA NA
HIVyo HIV, G T HIV,

Kao, Ge7, Qs, Kso, Geg, Qs, M,

Mineralogy (%)" Mo, St S,

'DLS = Mean intensity weighted hydrodynamic diameter (dx) determined by Dynamlc nght Scattering. *SD = Standard Deviation of duplicate or triplicate
measurements Slonic Strength (IS) = 0.0127 x Electrical Conductivity (millimhos-cm™). "SEM = Scanning Electron Microscopy, TEM = Transmission Electron
Microscopy. “CEC = Cation Exchange Capacity by sum of cations. #0C = Total Organic Carbon-Dissolved Organic Carbon (inorganic carbon contributions were
assumed to be 0 due to low pH). "Mineralogy (K = Kaolinite, Ge = Geothite, Gi = Gibbsite, Q = Quartz, M = Mica, Sm = Smectite, MVI = Mica-Vermiculite
Interstratified, HIV = Hydroxy-Interlayered Vermiculite, NA = Not Applicable).
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Table 2. Zeta potential and pH for macro- and nano-colloid fractions of different composition in the absence and in the
presence of equal amounts of As, Se, Cu, and Pb, totaling 0, 2 and 10 mg-L ™.

Colloid Size Fraction

Macro Nano
Colloid ; ; ; ;
Zeta potential with 0, 2, and . Zeta potential with 0, 2, and .
Composition 10pmg/L contaminant A0 W) &N AV 10pmg/L contaminant PRt 02 B DI
additions contaminant additions additions contaminant additions

(mV) (mV)
Smectitic -27,-18,-11 4.60, 4.67, 4.38 -28,-25,-18 5.11, 5.02, 4.56
Mixed —34,-29,-26 5.50, 4.45, 4.24 -39, -38,-22 4.84,4.61,4.33
Kaolinitic —34,-30,-26 4.98, 4.96, 4.40 -38,-31,-26 4.90, 4.79, 4.55
Biosolid -19,-21,-25 5.11,5.42,5.18 —-11,-24,-29 5.25,5.79, 5.69

with the anionic behavior of this contaminant (R? = —0.42") [30]. Additionally, the Se affinity of kaolinite may
have been enhanced by contributions from goethite and gibbsite (Table 1) through formation of inner- and out-
er-sphere complexes [32] [33]. With the exception of the mixed colloids, Se sorption affinity was influenced by
size, showing greater sorption by the smectitic and kaolinitic macro-fraction and an opposite trend by the
bio-colloid nano-fraction (Figure 1). Higher macrocolloid affinity for this anionic contaminant can be probably
attributed to the lower pH of the smectitic and kaolinitic macro-fractions (Table 1) and the increased repulsion
of Se by the nanocolloids due to more negative surface charge induced by OC surface coatings (Table 1 and
Table 2) [13] [20]. In contrast, the bio-colloids exhibited greater sorption affinity for Se in the nano-fraction-
most likely due to the lower pH as was the case with As in spite of higher surface charge, OC, and OC:SA ratios
(Figure 1, Table 1 and Table 2). The bio-colloid (macro- and nano-fractions) sorption affinity for Se was sig-
nificantly higher than that for As (Figure 1; a < 0.05) in spite of the lower shared charge [34] in agreement with
other findings in waste-amended soils [35].

As would be expected for cationic contaminants, Cu sorption affinity was significantly higher than As and Se
in all colloid fractions (Figure 1; a < 0.05). Sorption coefficients within the macro-fractions ranged from 3.72 to
4.62, with the highest affinity representing the biosolid composition and the lowest the kaolinitic (Figure 1).
Copper has been shown to dominantly associate with mineralizable biosolid fractions [36], forming multi-ligand
complexes with a variety of organic surface functional groups [19]. In contrast, within the nanocolloid fractions,
the highest affinity was associated with the smectitic (4.54) and the lowest (4.18) with the biosolid composition
(Figure 1). Statistically significant differences for Cu sorption affinity within the macrocolloids followed the
sequence: Biosolid (A) > Smectitic (B) > Mixed (C) > Kaolinitic (D); and for the nanocolloid fraction: Smectitic
(A) > Mixed = Kaolinitic (B) > Biosolid (C) (a < 0.05; Figure 1). The differing trends for Cu sorption affinity
observed in the biosolid macro- vs. nano-fractions may be explained by the greater OC:SA ratios of the bio-na-
nocolloids that could potentially induce aggregation and block surface sorption surface sites or by the presence
of less reactive organic functional groups (Table 1). This is corroborated by the lower initial zeta potential val-
ues of the biocolloid nano-fractions (Table 2). In addition, the lower pH maintained by the biosolid macrocollo-
ids compared to the nanocolloid fractions after the addition of different Cu concentrations may have enhanced
dissociation and surface organic complexation reactions [37] [38]. Other than the biocolloids, statistically great-
er Cu sorption affinity based on size was also demonstrated by the kaolinitic and smectitic nanocolloids over the
macrocolloids (Figure 1; a < 0.05). The greater cation sorption affinities of these nanocolloids are likely due to
higher negative zeta potentials and greater surface area as compared to that of the macrocolloids (Table 1 and
Table 2). There were no significant differences in sorption of Cu based on size for the mixed colloids (Figure 1).

Sorption affinities for Pb were the highest compared to other contaminants. Within the macrocolloids the
highest coefficient (5.51) was associated with the biosolid composition and the lowest (3.96) with the kaolinitic
(Figure 1). Within the nanocolloids Kf values for Pb ranged from 4.33 to 6.20, with the highest value repre-
senting the biosolid composition and the lowest the mixed (Figure 1). Based on composition, macrocolloid af-
finity for Pb followed the sequence: Biosolid (A) > Smectitic (B) > Mixed (C) > Kaolinitic (D); and Biosolid
(A) > Smectitic (B) > Kaolinitic (C) > Mixed (D) for nanocolloids (« = 0.05). These trends are comparable to
those reported elsewhere, indicating preferential sorption of Pb by biosolids over other cation metals like Cu or
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Zn [23]. The greater cation sorption affinities of the nanocolloids are likely due to greater attraction of cation
contaminants to their higher negative zeta potentials and greater surface area availability for sorption as com-
pared to that of the macrocolloids (Table 1 and Table 2). Increased affinity for Pb by smectitic minerals has
been attributed to their high permanent charge and ability to form inner sphere complexes with exposed surface
—OH groups [19] [39]. Only the kaolinitic and biosolid colloids showed size sorption preferences, with the na-
no-fractions exhibiting greater Kf values than the macro-size fractions, apparently due to higher CEC, SA and
OC content. Statistical correlations (R? « < 0.05) of Pb sorption coefficients with the above parameters were
0.78, 0.92, and 0.56, respectively.

Single-contaminant isotherm data normalized by surface area and organic carbon did not provide significant
differences from mass based isotherms in colloid size or composition trends. However, all isotherm normaliza-
tion methods indicated preferential sorption of cation-(Cu, Pb) over anion-(As, Se) contaminants [12] [23] [25].
Overall, single-contaminant isotherms showed the following contaminant sorption preference: Pb (A) > Cu
(B) > As (C) = Se (C) (a < 0.05). Greater sorption of Pb over Cu is likely due to the lower hydrolysis constant of
Pb [19] [22] [38]. The similar sorption affinities for As and Se contradict other findings showing preferential
sorption of arsenate over selenate [34] but may be explained by the higher bio-colloid preference for Se, which
has overshadowed the expected differences in anion sorption. Sorption trends based on colloid size varied, with
the smectitic and kaolinitic nanocolloids demonstrating greater affinities for As and Cu contaminants than cor-
responding macrocolloid fractions, but showing opposite trends for Se. The kaolinitic nano-fraction indicated a
greater affinity for Pb over the macro-fraction. The bio-nanocolloids showed greater affinity for As, Se, and Pb
than for the corresponding macrocolloids, but showed the opposite trend for Cu. Finally, the mixed colloids ex-
hibited size-based sorption trends only for As, showing greater affinity in the macro- than the nano-fraction
(Figure 1; o < 0.05).

Published research with relatively pure minerals suggests that kaolinitic clays typically have a greater affinity
to sorb anions (including oxy-anions like Se and As) than illitic or smectitic clays [19]. Also, surface silanol and
aluminol groups exposed on the interlayer surfaces of 2:1 minerals tend to preferentially sorb cation contami-
nants such as Cu and Pb [19]. The lack of consistent sorption differences by colloid size and even composition
in this study may be explained by the diverse natural mixture of minerals present in each colloid fraction as well
as the nature and extent of Fe, Al, and organic moieties coating their surfaces. It also demonstrates the unpre-
dictable complexities of modeling contaminant sorption and transport behavior of natural environmental nano-
and macro-colloidal fractions [5] [11] [33].

3.2. Multi-Contaminant Isotherms

Competition among As, Se, Cu and Pb sorption was established through multi-contaminant isotherms for each
colloid-size fraction. The data conformed reasonably well to the Freundlich equation with lower R? values (0.84 +
0.12) and more 1/n values >1 than the single contaminant sorption isotherms implying that multiple sorption
mechanisms were triggered by the presence of all four contaminants. Multi-contaminant isotherm Kf values by
colloid size and composition are shown in Figure 2. Overall, within the same composition multi-contaminant Kf
values were significantly higher than single-contaminant K; values for both sizes for all contaminants except As
(Figure 1 and Figure 2). This is probably the result of bridging effects induced by anionic and cationic conta-
minants in the mixture. The mixed macro- and nano-colloid fractions indicated equal affinity of Pb and Cu, but
greater affinity for Se than As (Figure 2). The kaolinitic and biosolid macrocolloids indicated preferential sorp-
tion for Pb over Cu, with no significant differences between the anionic contaminants (Figure 2). These trends
are consistent with other findings indicating preferential sorption of Pb over Cu by kaolinite [22] and similar af-
finities for Cu and Pb by humic acid substances, and Fe/Mn-oxides [19]. Opposing trends were displayed by the
smectitic macrocolloids and kaolinitic nanocolloids, portraying greater Cu sorption over Pb, and more affinity
for Se than As (Figure 2). Finally, the smectitic and biosolid nanofractions shared the following sorption affini-
ty sequence: Pb (A) > Cu (B) > Se (C) > As (D) (Figure 2).

Overall, counting all colloids, the multi-contaminant isotherms showed the following sorption preference
trends: Pb (A) = Cu (A) > Se (B) > As (C) (a < 0.05); with cation contaminants indicating more competitive
sorption affinity compared to the anion contaminants as was the case with the single-contaminant isotherms
(Figure 1 and Figure 2). However, two main differences are manifested in the similar sorption affinity for Cu
and Pb compared to Pb > Cu and the greater affinity for Se over As compared to Se = As shown by the sin-
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Figure 2. Multi-contaminant isotherm Kf values for As, Se, Cu, and Pb for ma-
cro- and nano-colloid fractions of different composition (capital letters portray
trends across all four contaminants within each composition, while lower case
letters display trends for each contaminant across all four compositions).

gle-contaminant isotherms. The alternating sorption affinities for Pb and Cu based on composition and size are
consistent with conflicting sorption affinity exchanges reported for Cu and Pb in sediments, particularly in the
presence of multiple contaminants [40]. Some studies suggest that preferential sorption of Pb over Cu occurs
through inner sphere complexes due to its lower hydrolysis constant [22] [38], while others report preferential
sorption of Cu over Pb due to its greater electronegativity and charge-to-radius ratio [41].

Conflicting preferential sorption trends for As and Se have also been reported in variable pH and anionic so-
lution environments [18] [19] [28] [34]. Significant quantities of CI", NO;, PO, and SO found in the
kaolinitic and bio-nanocolloid fractions, may have offered significant competition for sorption of anions, and
may have inhibited some cation sorption in the multi-contaminant isotherms. Additionally, sorption trends may
have been influenced by Fe/Al and organic coatings as well as bridging effects between solution cations (natural
or added contaminant) and anionic contaminants or enhanced aggregation caused by sorbed cation contaminants
with free positive charge attracting negatively charged colloid particles. The later may cause encapsulation of
some contaminants and deflect available sorption surfaces for others [5] [13] [20].

3.3. Anionic vs. Cationic Contaminants

Average Kf values for the anion (As and Se) and cation (Cu and Pb) contaminants for the single- and mul-
ti-contaminant isotherms demonstrated greater sorption affinities for cation-over anion-contaminants (Figure 3).
This trend is consistent with other findings [12] [23] [25], and is likely due to the greater attraction of cations to
the negatively charged colloid surfaces, as well as due to greater charge-to-radius ratios of Cu and Pb compared
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Figure 3. Average Kf values for anion-(As, Se) and cation-contaminants (Cu, Pb) determined from single- and mul-
ti-contaminant isotherms (capital letters portray trends based on composition, while lower case letters show significant dif-
ferences based on size within each composition).

to As and Se [40]. Single-contaminant isotherms indicated the following sorption preference sequence based on
composition for anionic contaminants: Mixed (A) > Kaolinitic (B) > Smectitic (C) > Biosolid (D). The mul-
ti-contaminant isotherms showed no significant sorption differences among the mineral colloids, but agreed with
the single-contaminant isotherms by indicating greater overall affinities for anionic contaminants by mineral
than bio-colloids (Figure 3). This is probably due to high concentrations of other anions in the bio-colloid frac-
tions which may be out-competing the anionic contaminants for sorption sites [42]. Another likely explanation is
the high negative/positive charge ratio of the bio-colloids inducing greater repulsion of the anionic contaminants
[19] [43]. In contrast, both single- and multi-contaminant isotherms showed the bio-colloids having the strongest
sorption affinity for both cationic contaminants (Figure 3). The sorption preference sequence for single-conta-
minant isotherms was: Biosolid (A) > Smectitic (B) > Mixed (C) > Kaolinitic (D), while for the multi-contami-
nant isotherms: Biosolid (A) > Mixed = Kaolinitic (B) > Smectitic (C). Sorption competition based on size
showed mostly opposing trends between the single- and the multi-contaminant isotherms for both anion- and ca-
tion-contaminants (Figure 3). A comparison of average K; values for anion- and cation-contaminant sorption
regardless of colloid size and composition indicated significantly higher sorption affinities by multi- vs. sin-
gle-contaminant isotherms. A similar comparison of average K; values for all four contaminants suggested that
smectitic and mixed nanocolloids can sorb significantly greater quantities of contaminants than corresponding
macro-fractions while the opposite trend held true for the kaolinitic and biosolid colloids (Figure 3). Despite the
fact that organic carbon and surface area have been shown in many studies to be key factors in understanding
contaminant sorption patterns [12] [14] [32] [39], neither isotherm version (multi- or single-contaminant) gave
consistent differences in size or composition-based trends when normalized to surface area and organic carbon
content. Zeta potentials measured in the absence and presence of contaminants (a < 0.05), ionic strength of con-
taminant added (a < 0.01), contaminant type, OC, CEC and OC:SA were significant factors in the overall sorp-
tion model (R® = 0.92; a < 0.01). The contradicting contaminant sorption trends for both cations and anions
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highlight the complexities associated with predicting the behavior of colloids of various size and composition in
a multi-contaminant natural environment.

3.4. Surface Sorption Characteristics

Single point zeta potential measurements were taken in the absence of contaminants and with additions of 2 and
10 mg-L™* mixed contaminants (Table 2) in order to decipher contaminant sorption mechanisms. In order to
mimic natural conditions, the pH during the zeta potential measurements was not kept constant (Table 2), so
that shifts in zeta potential are associated with pH and contaminant sorption changes through inner- or outer
sphere attraction [14]. Zeta potentials without contaminants showed trends based on composition and size, with
mineral nano-colloids exhibiting more negative values than corresponding macrocolloids (Table 2). Similarly,
in the absence of contaminants all mineral colloid fractions showed more negative zeta potentials than the bio-
colloid fractions (Table 2). The addition of contaminants caused significant shifts in zeta potential with oppos-
ing trends (positive vs. negative) for the mineral- and bio-colloid fractions, respectively. The large positive shift
in zeta potential displayed by the smectitic macrocolloids and the mixed nano-colloids upon addition of conta-
minants indicates greater inner sphere cation contaminant attraction [14] (Table 2). Overall, the mineral colloid
zeta potentials became more positive with the increased addition of contaminants, suggesting that the cations
were out-competing the anions for inner sphere sorption (anions prefer outer sphere bonding and thus would
have little to no effect on zeta potential values). Inner sphere bonding of Pb and Cu in the mineral colloid ad-
sorption isotherm experiments was suggested through positive zeta potential shifts (Table 2) with increased
contaminant loads (a = 0.05) [14]. In contrast, outer sphere bonding was apparently the dominant sorption me-
chanism for the bio-colloids as indicated by negative zeta potential shifts (Table 2) with increased contaminant
loads, suggesting a greater preference for anion contaminants. The pH drop with increasing contaminant loads
shown by the mineral colloids also indicates inner sphere sorption [14]. Conversely, the prevalence of outer
sphere bonding of the oxy-anion contaminants (As, Se) was indicated by increases in pH with increased conta-
minant loads. In single-contaminant isotherms the addition of anion contaminants increased the equilibrium so-
lution pH by an average of 0.32 units over the initial pH, while the addition of cation contaminants caused a re-
spective pH decrease of 0.31 units (o < 0.05). The mixed macrocolloids showed the largest pH drop, while the
bio-nanocolloids the largest increase with addition of contaminants, indicating prevalence of inner-sphere and
outer-sphere bonding, respectively (Table 2).

4. Conclusions

The findings of this study demonstrate the complex characteristics of the competitive sorption behavior of natu-
ral colloid fractions of different sizes and compositions for As, Se, Cu, and Pb contaminants. It also emphasizes
the potential shifting and even reversal of sorption trends predicted by different experimental approaches. Even
though both single- and multi-contaminant isotherms suggested preferential sorption of cationic over anionic
contaminants, sorption affinity estimates for each contaminant were greater by multi-contaminant isotherms and
sorption sequences varied by composition and size. The varying and sometimes conflicting trends between mi-
neralogical compositions and particle size were certainly affected by the presence of accessory minerals in the
mixtures, surface OC and Fe/Al coatings, partial nano-aggregation phenomena, as well as the variable ionic
composition of the solution environment. Zeta potential and pH changes after addition of different contaminant
loads suggested mainly inner sphere bonding of cation contaminants to the nanocolloid surfaces and outer
sphere bonding between oxy-anion contaminants and macro-colloid and bio-colloid surfaces.

These data also highlight the challenges posed by colloid heterogeneity (composition, size, surface characte-
ristics) to predictions of contaminant interactions in natural environments and the importance of their compre-
hensive characterizations by water quality professionals and environmental consultants undertaking remediation
tasks and by developers of engineered nanoparticles trying to model their environmental behavior.
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