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Abstract

Two SiO, and three AjO3 adsorbents with varying degrees of mesoporosity (pore diameter 2-50 nm) were reacted with 2,4-dichloro-
phenoxyacetic acid (2,4-D) at pH 6 to investigate the effects of intraparticle mesopores on adsorption/desorption. Anionic 2,4-D did not
adsorb onto either SiDsolid, presumably because of electrostatic repulsion, but it did adsorb onto positively chag@edadlsorbents,
resulting in concave isotherms. Theo@l3 adsorbent of highest mesoporosity consistently adsorbed more 2,4-D per unit surface area than
did the nonporous and less mesoporougQ4l adsorbents over a range of initial 2,4-D solution concentrations (0.025-2.5 mM) and reaction
times (30 min-55 d). Differences in adsorption efficiency were observed despite equivalent surface site densities on th©gaesdkt
bents. Hysteresis between the adsorption/desorption isotherms was not observed, indicating that adsorption is reversible. Attenuated tot
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy studies confirm that 2,4-D adsorption does not occur via ligand exchange,
but rather via electrostatic interaction. The results indicate that adsorbent intraparticle mesopores can result in consistently greater 2,4-D a
sorption, but the amount adsorbed is dependent upon surface charge and the presence of adsorbent mesoporosity. The data also suggest
when mineral pores are significantly larger than the adsorbate, they do not contribute to diffusion-limited adsorption/desorption hysteresis
Adsorbent transformations through time are discussed.

0 2004 Elsevier Inc. All rights reserved.

Keywords: Mesoporosity; X-ray diffraction; Mineral transformation; 2,4-D; Adsorption/desorption isotherms; Freundlich isotherm;
Frumkin—Fowler—-Guggenheim isotherm; ATR-FTIR spectroscopy; Mineral-organic interactions

1. Introduction diameter(Dpore) < 2 nm [6]. Although hydrophobic mi-
cropores are likely important for HOC adsorption [8-10],

Nanometer-sized pores within mineral particles (i.e., in- hydrophilic porous surfaces may also be significant, since
traparticle pores) are thought to contribute to retention of Ster[c effects, slow diffusion, and tortuosity may !'?h'b',tdes'
labile natural organic matter and organic pollutants in soils orption[2,6,11]. Hoyvever, the effects ‘?f hydrophilic mineral
and sediments [1—4]. Sorption into pores diminishes the ef- POré walls on sorption of polar organic compounds are not
ficacy of chemical extraction and reduces the bioavailabil- clear. In addition, it is uncertain how mineral transformations
ity of such compounds [2,5-7]. Studies of hydrophobic or- through time will'affect adsorbent mesoporosity and organic
ganic contaminants (HOCSs) indicate that several physical compound so.rp_t!on processes. - .
and chemical mechanisms, including increased adsorption Recent ab initio calculations indicate that sorption is most

energy resulting from compound interaction within pores, Iavorable n (;”mtcropores th_at are m|n|g1allydst?all f{fanotugh
may enhance HOC retention in mineral micropores with a 0 accommodate an organic compound, and this efiect may
contribute to contaminant persistence in the environment [4].

However, we postulated that mesopores with pore diameter
* Corresponding author. (Dpore) equal to 2-50 nm will also affect sorption/desorption
E-mail address: chorover@cals.arizona.edu (J. Chorover). of organic compounds because fabricated intraparticle meso-
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porous adsorbents effectively remove organic compoundsisotherms have been observed for sorption onto Fe-saturated
and heavy metals from contaminated waters [12—19]. Other montmorillonite [28], ferrihydrite [31], whole soils [32],
evidence also supports the likelihood that mineral meso- and lignin [35]. It is hypothesized that S-type isotherms
pores may enhance organic compound sorption processegesult from a combination of electrostatic attraction and
For instance, the structure of water in close proximity to intermolecular van der Waals forces, the latter associated
mineral surfaces differs from that in the bulk [20]. This may with mutual interactions of aromatic moieties of 2,4-D
create favorable conditions for contaminant sorption within that become increasingly important with increasing sur-
mesopores, even though the extent of structured water mayface coverage [31,32,34,38]. The rate of 2,4-D sorption is
not permeate throughout a mesopore as it apparently doesapid; equilibrium is reached on the order of minutes to
within a micropore [4]. In addition, Pignatello [21] suggests hours [29,30,32,39], although sorption reversibility is highly
that contaminant/pore interactions facilitate capillary con- dependent upon adsorbent chemistry [28,30-32,35].
densation of organics within geosorbent pores, and Mastral The objectives of this research were to (a) determine the
et al. [22] reported that increasing the number of benzene effects of mineral mesopores on the adsorption and retention
rings in polynuclear aromatic compounds results in more fa- of 2,4-D to alumina and silica adsorbents, (b) elucidate the
vorable sorbate/sorbate interactions within mesopores. Morebonding mechanism of 2,4-D to the adsorbents, and (c) doc-
recently, Zimmerman et al. [23] observed that nitrogeneous ument mesoporous adsorbent transformation as a function
organic compouds smaller than one-half mesopore diame-of reaction time in suspension as it affects objectives (a)
ter exhibited significantly greater surface area-normalized and (b).
adsorption to mesoporous alumina and silica, relative to non-
porous analogues. _ , 2. Materialsand methods

Prior research on intraparticle porosity has focused pri-
marily on adsorption of HOCs, and not on the adsorp- 51 adsorbent synthesis and treatment
tion of polar and/or ionic contaminant compounds, such as
the acidic pesticide 2,4-dichlorophenoxyacetic acid (2,4-D).  Five mineral adsorbents were used in the present work:
Thus, additional research is necessary to elucidate the in-(1) mesoporous A3 (Al-P242), (2) less mesoporous D3
teraction of these types of compounds in the presence(al-py,), (3) nonporous AlOs (Al-NP37), (4) mesoporous
and absence of intraparticle mesopores. Given that mesos;jo, (Si-Ps7¢), and (5) nonporous SK(Si-NPs), where
porous materials may be poorly crystalline solids [14,18], the subscripts refer to specific surface area iAgnt.
it is also necessary to document any changes in adsor-a|-NP;; and Si-NR were purchased from Alfa Aesar (Ward
bent characteristics (e.g., surface area, mean pore diametegyjj| MA), stock numbers 40007 and 89709, respectively.
crystal structure) as a function of reaction time in solu- Al-NP3; was washed and dried as described in Goyne et
tion. If significant changes occur, these may affect long- 5, [40] to remove an N-containing soluble constituent asso-
term sorption/desorption reactions [24] and inhibit applica- cjated with synthesis. Al was prepared from boehmite
tion of mesoporous adsorbents for engineered remediationsypplied by the CONDEA Vista Co. (Houston, TX) and is
Whereas some data on the stability of MCM-41 and MCM- so|d under the trade name Disperal. This mineral was cal-
48 are available [14,25,26], the long-term stability of cal- cined at 723 K for 24 h to induce dehydroxylation. Alsp
cined materials and neutral-templated mesoporous aluminaand Si-Rs7o were prepared using a neutral template route
has not been documented previously for aqueous suspenand a cationic template route, respectively [41-43]. The syn-
sions. thesis procedure and removal of the templates from the fabri-

The herbicide 2,4-D, which is widely used in agricul- cated adsorbents is detailed elsewhere [40,41]. All minerals,
ture, may be quite mobile in agueous systems because of itsexcept Si-NB, were ground gently prior to characterization

acidic carboxyl group (ff, = 2.80 [27,28]), which imparts  and stored in polyethylene bottles prior to use.
a negative charge throughout a wide pH range in natural wa-

ters. Previous 2,4-D sorption research has shown that low2.2. Adsorbent characterization techniques

herbicide affinity for Na-, K-, or Ca-saturated 2:1 and 1:1

layer type silicates is due to anion repulsion [28-32]. How-  Pore structure and specific surface area of pre- and

ever, Fe saturation, Fe oxide coatings, and increased loadingostreacted adsorbents were examined usipgdtptom-

of AI(OH), species on the montmorillonite surface yields etry (ASAP 2010, Micromeritics). Samples (0.5-2 g) were

significantly enhanced 2,4-D adsorption [28,30,31]. Sorp- outgassed for at least 6 h (423 K, 5 um Hg) prior to analysis,

tion of 2,4-D onto iron and aluminum oxides is favored and adsorption/desorptionisotherms were measured at 77 K.

when solution pH is below the adsorbent point of zero net Specific surface aredget) was estimated using multipoint

charge (PZNC) and above th&p of the adsorptive com-  adsorption data from the linear segment of thealsorption

pound [31-34]. isotherms [44] in the relative pressure range 0.05-0.2 using
Most batch sorption studies investigating 2,4-D up- Brunauer-Emmett—Teller (BET) theory. Pore size distribu-

take and retention have observed L- or C-type sorption tions were calculated from adsorption branch isotherms ac-

isotherms [29,30,33,35-37]. However, S-type or concave cording to the Barrett—Joyner—Halenda (BJH) method [45],
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assuming right cylindrical pores closed on one end and usingwhere I';¢sis the surface excess after the adsorption period
the Halsey layer thickness equation [46]. (UMoOINT?), Cagss and Cadsp are the equilibrium 2,4-D
Powder X-ray diffraction (XRD) analyses were con- concentrations in supernatant solutions of mineral suspen-
ducted on randomly oriented, back-filled % mm circular sions (5) after reaction (umol kgt) and in the corresponding
samples mounted in spinning holders. All patterns were col- blank (B), andSAs is the suspension concentration of ad-
lected using a Philips X’pert MPD diffractometer equipped sorbent (Mkg~1). The remaining supernatant solution was
with a spinning stage and an X'Celerator multiple strip de- aspirated into amber vials for determination of pH using a
tector using Ni-filtered CK,, radiation at 50 kV and 40 mA.  calibrated Orion Ross semimicro combination pH electrode
Data were collected in continuous scan mode fréno3® attached to a Beckmah390 pH meter. Concentrations of Al
20, with a step size of 0.0F7and a divergent slit of 0.0625 were measured by atomic absorption (AA) spectrophotom-
TEM images (Philips EM420ST) confirmed the presence of etry (IL Video 22, Allied Analytical Systems) or magnetic
mesoporosity in the samples. sector inductively coupled plasma mass spectrometry (ICP-
Thermal gravimetric analyses (TGA) and differential MS, Finnigan ELEMENT).
thermal analyses (DTA) were conducted simultaneously for ~ Desorption experiments were initiated immediately af-
unreacted and reacted samples to quantify mineral transfor-ter the adsorption step by adding a mass of 0.02 M gacCl
mation (Setaram TG92). Samples were heated at a rate ofcontaining 200 mgi! HgCl, equivalent to the mass of su-
10°Cmin~1 from 25 to 1000C and then cooled to room  pernatant solution removed. Desorption reaction times were
temperature at an equivalent rate. After cooling to ambient equal to those for adsorption. At the end of a given des-
temperature, the sample was analyzed (without opening theorption period, supernatant solutions were again aspirated
system) for background subtraction. and analyzed. The adsorbate retention was calculated from

Eg. (2),

2.3. Batch adsorption and desorption experiments
TI'des= lads— {

(CdesS)(Mtot,soln) - (CadsS)(Ment) } (2)
Mineral adsorbents were suspended in a 0.02 M gacCl SA
background electrolyte solution to give a sorbent-surface- where I'yes is the surface excess of 2,4-D (umotf) re-
area-to-solution ratio of .86 x 10> m?I=! in PTFE cen-  maining on the surface after the desorption st€ss is
trifuge tubes. The solution also contained 200 mgHgCl the equilibrium 2,4-D concentration in supernatant solu-
to inhibit microbial activity [47]. All sorption experiments  tions of mineral suspensions)after the desorption reaction
were conducted in the absence of pH buffers to prevent (umolkg?), Mot soinis the total mass of solution (kg) in the
competitive sorption between buffer constituents (e.g., phos-reaction vessel during desorptiolent is the mass of en-
phate) and 2,4-D for available sorption sites [34] and to al- trained solution (kg) remaining in the adsorbent pellet after
low measurement of pH shifts that could indicate the occur- aspiration of adsorption phase supernatant, s the to-
rence of ligand exchange reactions [48]. Solutions of 0.06 M tal surface area of the adsorbengjrin the reaction vessel.
HCl or 0.02 M Ca(OH) were added to yield a final pH of  The mass of entrained solution is determined by mass bal-
5.5 for SiG and pH 6.0 for AbOg3 after 24 h of reaction.  ance (Eq. (3)),
Samples were spiked with analytical grade 2,4-D (chemical
purity > 98%) dissolved in 0.02 M Cagto give concentra- ~ Ment= (Mtot asp — (Mvessert Madsorbent, (3)

tions ranging from 0 to 2.5 mM. Samples were then placed where Mior aspis the total mass (kg) after aspiration of ad-
on an end-over-end shaker (7 rpm) in the dark at 298 K for sorption phase supernatant solution (i.e., mass of reaction
reaction times ranging from 30 min to 55 d. Adsorbent-free yessel, adsorbent, and entrained solutiaW)essel is the
controls (no mineral) were reacted concurrently to measure mass of the reaction vessel, aldgsorbenis the initial mass
compound loss resulting from sorption to centrifuge tube of adsorbent added to the reaction vessel. After a selected
walls, volatilization or transformation. None of these were number of desorption steps, the pellet was recovered for
found to be significant. analysis of mineral transformation and ethanol was added to
At the end of the reaction period, mineral suspensions displace entrained solution. After resuspension of the adsor-
were centrifuged at 15,280and 298 K for 40 min. An  pent pellet in ethanol, samples were centrifuged at 26000
aliquot of supernatant solution was removed by pipette for for 15 min at 298 K. The ethanol was then aspirated and this
measurement of 2,4-D concentration by high-performance procedure was repeated two more times. Samples were then
liquid chromatography (HPLC) on a reverse-phase (Hy- placed in an oven at 313 K for 48 h. Dried solid samples

percarb, ThermoQuest) column followed by detection at \were stored in a desiccator prior to further analysis.
280 nm within 24 h (Waters Inc., equipped with a photo-

diode array (PDA) detector; 85% acetonitrile: 0.15% triflu- 2 4. |nfrared spectroscopy

oroacetic acid was used as a mobile phase at a flow rate of

2 mimin~1). Surface excess of 2,4-D was calculated as: Attenuated total reflectance (ATR) Fourier transform in-
CadsB — Cadss frared (FTIR) spectroscopy was employed to investigate the

Tads= — 54, (1) mechanism of 2,4-D adsorption. Samples were prepared and
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reacted for 24 h at initial 2,4-D concentrations of 0 and silanol sites. However, given that significant proton disso-
3.5 mM, as described previously, except that these sus-ciation from these silica phases is initiated only at alkaline
pensions contained no HgClAfter adsorption, samples pH (>7) [40], our results indicate a lack of adsorption to a
were centrifuged and ca. 3.0 ml of supernatant solution near neutrally charged surface. Evidently, the high polarity
was left in the suspension to create a slurry. ATR-FTIR of 2,4-D and the hydrophilic silica surface make adsorption
slurry samples were immediately transferred into an ATR to the Si solids unfavorable energetically.
cell equipped with a 45ZnSe flat plate crystal (ARK cell, In contrast, the pesticide did adsorb to positively-charged
Thermo Spectra-Tech, Inc.), and spectra were obtained byAl,O3 surfaces (Figs. la—1e; Table 2) and AlPconsis-
averaging 400 scans at 2 chresolution on a Nicolet tently adsorbed more 2,4-D than did Alf? or Al-NP37
Magna 560 spectrometer. An initial spectrum was collected, (Figs. 1a—1d; Table 2) at a given equilibrium concentration.
followed by subsequent spectra after sample drying in CO Given that the error bars indicate 95% confidence intervals,
and HO free air at cumulative drying times of 3,5, 7, 9, 18, it is evident that sorption is increased significantly due to
and 24 h. The pH values and 2,4-D concentrations of super-greater intraparticle porosity. At the highest initial concen-
natant solutions were measured as indicated above. tration of 2,4-D (2.5 mM), Al-B4, sorbed on average 27%
and 17% more herbicide than did Al-MPand Al-P.43, re-
spectively. In contrast, Al-R; and Al-NPs7 adsorbed com-

3. Resultsand discussion parable amounts of 2,4-D except at the highest suspension
) o concentration, where Al4R@1 adsorbed 11% more herbicide.
3.1. Solid-phase characterization of adsorbents Even at the highest surface excess of 2,4-D, the quantity

] o ) . sorbed is significantly lower than the surface excess of Cl
Studies pertaining to surface charge and site density g1qine in the absence of 2,4-D.(). This is despite the fact
for these adsorbents are published elsewhere [40], and g4t the compound s anionic at the experimental pH. Assum-

summary of selected data is provided in Table 1 Powd_er ing 2,4-D sorbs only to positively chargeﬁAlOHj) sites,
XRD patterns for unreacted adsorbents are consistent withy, ey 5t the highest initial 2,4-D concentration, sorbate mole-

n-Al203 (Ref. code 04-0875) for Al-Bzand Al-Pu4; andy - cules occupied 21, 28, and 45% of these sites for AENP
Al>03 (Ref. code 10-0425) for AlI-N§, in the International Al-P141, and Al-Pogy, respectively

Center for !Diffraction Datff‘ (ICDD) database. Transmission Sorption of 2,4-D to the alumina adsorbents was fit to the

glectron microscopy confirmed the presence of wormhole- Freundlich equation to provide a concise set of parameters

like pores in the adsorbents synthesized by the neutral tem-, comparison of sorbent affinity,

plate pathway [40].

n
3.2. Adsorption and desorption of 2,4-D Tads= ACaas “)
where parameterd andn are the intercept and slope, re-

Adsorption of 2,4-D to Si-NPand Si-Rs7owas not sig- spectively, in a log-log plot of 2,4-D adsorption isotherm

nificantly different from zero. At the mean experimental pH data. Isotherms were nonlinear with> 1 (i.e., concave

(pH 5.1 and 5.9 for Si-Ngand Si-Rs70, respectively),— isotherm) for almost all reaction periods (Table 3). Ad-

(surface excess of C) values for these solids are near zero sorption isotherms of 2,4-D with this shape are postulated

or very slightly negative (Table 1). In this pH range, the to reflect enhanced surface affinity with increasing sur-

carboxyl group of 2,4-D is dissociated and likely also ex- face coverage due to favorable adsorbate/adsorbate inter-

cluded from the surface by charge repulsion from dissociatedaction [28,31,49]. Similar isotherms have been observed

Table 1

Physical characteristics and surface charge properties of the adsorbents

Adsorbent SBET Dpore Sip PZNC pK ay pKay Iy Ir_ A
m*g™H  (m) (g (umolm2)  (umolm?)  (umolm2)

Si-P1570 1570+19 23+05  1565+19% <2.85 NA 6.85+0.63 01+0.17 —0.03+0.06 007+0.18

Si-NPg 75+0.1 1443 NA <2.82 NA 7.74+0.27 00+0.26 —0.08+0.06 008+0.27

Al-Pog2 242+4 82+04 234+4 6.47+0.05 619+0.62 693+0.78 05+0.29 091+0.09 -041+0.30

Al-P141 141+6 96+04 131+ 6 6.87+£0.05 607+0.75 674+1.20 00+0.32 09+0.10 —0.9+0.33

Al-NP37 37+2 20+2 NA 6.66+0.06 658+0.67 7144+0.83 06+0.12 09+0.17 —0.3+0.17

Note. See Goyne et al. [37] for detailed methods and data anal§fsis; is the specific surface area95% C.1. as measured by,NBET; Dpore is the mean
pore diameter-95% C.1. determined by the BJH method on the adsorption isothernsijegs the intraparticle surface area (within pores 2-20 nm diameter)
+95% C.I. determined by BJH method; PZNC is the point of zero net cha8§®6 C.I; values of PZNC not encountered in the pH range of the experiment
are expressed as < the lowest pH values of experimetii;pand pKap are surface acidity equilibrium constants calculated ugirdg values from [37];
I'y is the value for C&" adsorption+95% C.l. at average experimental pH;. is the value for CI' adsorption+95% C.l. at average experimental pH;
AT = (I't — I'_); NAis not applicable.

a Based on values reported in Goyne et al. [37] for SigPwhich is a less porous material produced using cationic template procedure (i.e., the value is a
conservative estimate).
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Fig. 1. 2,4-D sorbed on Al-R», Al-P141, and Al-NPs7 after adsorption {349 or desorption ["ged reaction. Reaction times were (a) 30 min, (b) 1 d, (c) 3 d,
(d) 5d, and (e) 55 d (duplicate or triplicate means are shown and error bars, where larger than symbol, represent 95% C.1.).

for 2,4-D adsorption onto Fe-saturated Wyoming montmo- sites ("_; molm~2) at the experimental pHy is the lat-
rillonite [28], ferrihydrite [31], and Georgeville B horizon eral interaction coefficient, ang is the adsorption con-
soil [32]. stant. Values of: < 0 are consistent with attractive lateral
The contribution of lateral sorbate/sorbate interaction sorbate/sorbate interactions, wheraas 0 suggest repul-
at the surface was modeled with the Frumkin—Fowler— sive lateral interactions. I = 0 then Eq. (5) reduces to

Guggenheim (FFG) equation [50], the Langmuir equation. The values ferand 8 were de-

0 termined by plotting lofp /(1 — 6)C] versusf, wherea is

e? = BCads (5) the slope of the resulting straight line and fogs the in-
1-6 tercept [51]. Results from fitting experimental data to the
where 6 is the adsorbate surface excess (mofinnor- FFG equation (Table 4; Figs. 2a—2c) are consistent with an

malized to the total number of available anion adsorption attractive lateral interaction coefficient for 2,4-D sorbed to
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Table 2
Percentage of 2,4-D adsorbed onto mineral surface as a function of time and initial 2,4-D concentration
Time Adsorbent Initial concentration of 2,4-D (mM)
2.5 0.5 0.25 0.05 0.025
30 min Al-NP37 204+0.2 124+0.3 10+3 136+0.9 12+3
Al-P141 318+0.8 174+05 153+0.1 153+09 16+1
Al-Poyo 538+0.1 304+0.1 224+0.2 — 2242
1d Al-NP37 206+0.3 13+1 103+£0.6 14+2 1242
Al-P141 317+0.2 172+04 152+04 151+0.6 16+1
Al-Pog 409403 194404 17+3 198+0.3 20+1
3d Al-NP37 21+1 130+0.1 131+05 136+0.7 15+1
Al-P141 32+2 144401 131+0.2 12+1 13+1
Al-Poyo 489+0.2 209+0.2 181+0.3 171+0.6 197+0.8
5d Al-NP37 2212 126+0.1 131+0.3 11+3 14+1
Al-P141 319+0.3 137+0.2 126+0.4 11+1 13+1
Al-P2g2 47.6+0.2 2144+0.1 194+0.1 188+04 21+1
55d Al-NP37 - - - - -
Al-P141 238+0.2 87+0.2 72401 6.7+0.6 3+2
Al-Poyo 448+0.3 171+0.2 164+0.1 16+1 135+0.2
Note. Percentage of 2,4-D adsorbe®5% C.|. Adsorption values were calculated from mass lost from solution.
Table 3
Freundlich parameters for AD3 isotherms
Time Parameter Al-Ng, Al-P141 Al-P242
Adsorption Desorption Adsorption Desorption Adsorption Desorption
30 min logA £95% C.I. —3.94+0.34at —-5.3+£0.77bt —34+033act —3.8+0.34act —2.6+0.86ct —3.0£0.74act
n+95% C.I. 109+ 0.09at 07+0.17b¥t 118+ 0.09at 108+ 0.08at 13+0.23af 12+0.18aft
R2 (n) 0.98 (15) 0.90 (12) 0.99 (15) 0.99 (15) 0.97 (8) 0.98 (8)
1d logA £95% C.l. —3.8+0.17at —3+1.3a§ —3.3+049at —3.79+0.46af —3.3+0.51at —3.7+0.72at
n+95% C.I. 113+ 0.04at 12+0.27a8 12+0.13af 11+0.11at 12+0.13af 11+0.17at
R? (n) 1.0 (15) 0.88 (14) 0.97 (15) 0.97 (15) 0.97 (15) 0.94 (15)
3d logA £95% C.I. —4.0+0.23act —4.7+0.50at8 —3.3+0.41bt —3+1.3abt —2.9+0.59bt —3.3+0.63bct
n+95% C.I. 108+ 0.03at 09+0.11bt§ 12+ 0.11act 144+0.30act 13+0.15ct 12+0.15act
R2 (n) 0.99 (15) 0.96 (15) 0.98 (15) 0.89 (15) 0.96 (15) 0.96 (15)
5d logA £95% C.I.  —3.9+0.30at —3.94+0.83abct§ —3.3+045bct —-3.8+0.20abt —3.0+£0.56ct —3.3+0.50abct
n+95% C.I. 1114+0.08at 11+0.20a8 12+0.12af 111+ 0.05at 13+0.15af 12+0.12at
R2 (n) 0.99 (15) 0.95 (10) 0.98 (15) 1.0 (11) 0.96 (15) 0.97 (15)
55d logA +95% C.I. — — —2.9+0.46at 4+ 1.8b§ —2.9+0.54at —2+18at
n+95% C.I. — — 14+0.13at 36+0.53b8§ 13+0.14at 16+0.47at
R? (n) - - 0.98 (15) 1.0 (4) 0.97 (15) 0.89 (10)

Note. Mean values within a row followed by the same letter (a, b, c) are not significantly differen(05); mean values for a parameter (i£.0r n) within
a column followed by the same symbol (T, §) are not significantly differert 0.05); n is the number of data points used in linear regression analysis.

porous and nonporous alumina. (Plots o= 0 shown in The rate of 2,4-D adsorption to #D3 is rapid (i.e., equi-
Figs. 2a—2c are included for comparative purposes only.) Al- librium is achieved in<30 min; Table 2). These data are in
though the plots suggest that porous materials have moreagreement with those presented in Table 3, indicating that
negativea values (i.e., consistent with increased lateral at- adsorption/desorption isotherms for 2,4-D ornp®4 sur-
traction) than Al-NRy, the difference is statistically signifi- faces were nearly independent of reaction time. In cases
cant only for the 3-d reaction period. Negativealuesinthe ~ where significant differences exist in Table 3, discrepancies
FFG isotherm cannot be used to as confirmation of attractive between the parameters may arise due to dissimilar equi-
intermolecular association; verification of this mechanism librium pH values (Table 5) and/or transformation of the
can not be achieved on the basis of macroscopic isothermadsorbent during the course of reaction. The data in Table 2
data analysis. Rather, we wish to point out that our data suggest that mineral transformation between 5 and 55 d may
are consistent with this hypothesis. The adsorption constantdecrease the percentage of 2,4-D adsorbed when the initial

(B) is significantly greater for Al-gy relative to Al-Ra1 herbicide concentration is very low (i.e., 0.025 mM), but the
and Al-NPs7 for the reaction times presented in Table 4. effectis less evident at higher concentrations.
The Freundlich adsorption constant$)(in Table 3 indi- Adsorption/desorption hysteresis was not observed for

cate a similar trend (i.e., affinity for Al-R2 > Al-P141 and the AlbO3 adsorbents during any reaction time (Figs. 1a—1e)
Al-NP37). indicating that adsorption is reversible. That is, the presence
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Table 4
Frumkin—Fowler—-Guggenheim (FFG) parameters for@y isotherms
Time Parameter Al-Ng, Al-P141 Al-P242
1d logB £+ 95% C.1. 171+ 0.03at 178+ 0.02b¥T 197+0.03ct8
a+95% C.I. —1.7+0.37at —21+0.12at —1.8+0.19at
R? (n) 0.89 (15) 0.99 (15) 0.97 (15)
3d logB + 95% C.I. 175+ 0.02at 177+ 0.02at 193+ 0.02bt
a=+95% C.1. —1.6+0.24at —2.1+0.13bt —1.96+0.08bt
R? (n) 0.94 (15) 0.99 (15) 0.99 (15)
5d logB £+ 95% C.1. 171+ 0.04at 176+ 0.02at 198+ 0.02b8
a+95% C.I. —1.8+0.44at —2.1+0.15at —1.86+0.09at
R? (n) 0.85 (15) 0.99 (15) 0.99 (15)

Note. Mean values within a row followed by the same letter (a, b, c) are not significantly differend(05); mean values for a parameter (ieqr 8) within
a column followed by the same symbol (T, §) are not significantly differert 0.05); n is the number of data points used in linear regression analysis.
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Fig. 2. Frumkin—Fowler-Guggenheim isotherms (Eg. (5)) for (a) #&42°(b) Al-P141, and (c) Al-NRs7 at 1 d reaction time. Shown in each graph are plots of
a =0 (i.e., Langmuir isotherm) and= x predetermined from a plot of I¢g/(1 — 6)c] versus).

of mineral mesopores did not inhibit desorption of 2,4-D. tems whereDpore (8—10 nm) is significantly larger than the
In all but a few cases, there was no statistically significant effective size &1 nm) of the adsorbate molecule.

difference between adsorption and desorption Freundlich Our objective was to use solids as close as possible
isotherm parameters for a given mineral and reaction time to their postsynthetic state without addition of pH buffers.
(Table 3). Evidently, desorption is uninhibited in these sys- Thus, solution pH increased during the course of porous
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Table 5
Final suspension pH values for AD3 experiments
Time Al-NP37 Al-P1gq Al-P245
Adsorption Desorption Adsorption Desorption Adsorption Desorption
30 min 6.34 {£0.03) 6.29 (-0.03) 4.97 (0.05) 5.85 (-0.16) 4.46 (0.07) 4.95 (:0.07)
1d 6.38 (-0.02) 6.30 ¢-0.05) 5.99 (-0.04) 6.13 ¢0.03) 5.79 ¢0.06) 5.92 ¢-0.03)
3d 6.39 (-0.02) 6.45 (-0.02) 6.01 (-0.04) 6.18 (-0.07) 6.17 (-0.03) 6.25 (-0.05)
5d 6.36 (-0.02) 6.12 (-0.05) 6.04 (-0.04) 6.21 ¢-0.06) 6.05 (-0.03) 5.92 (-0.04)
55d - - 5.9640.02) 6.31 (:0.02) 6.17 (-0.03) 6.19 (-0.05)
Note. pH +£95% C.I.
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Fig. 3. Effects of adsorbent aging as observed by X-ray diffraction: (a) 4p-P0 d, (b) Al-Pso—9 d, (c) Al-Py4o—165 d, (d) Al-R41—0 d,
(e) Al-P141—9 d, (f) Al-P141—165 d, (g) AI-NR37—0 d, (h) Al-NP37—29 d. The times listed are for adsorbent reaction time in solution.
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Table 6
Changes in adsorbent characteristics—pre- versus postreaction
Adsorbent Reaction time (d) ChangeSgeT (%) Change inDpore (%) Gibbsite (mass fraction)
Al-NP37 9 17* NA <0.01

165 - — -
Al-P141 9 -2 —-17 <0.02

165 17* -8 0.15-0.18
Al-P24o 9 -1 —14 0.05-0.09

165 —14* -7 0.30-0.35

Note. SgeT is the specific surface areastd. dev. as measured by BET; Dpore is the mean pore diameter determined by the BJH method on the adsorption
isotherm leg; NA is not applicable. All pre- and postreaction samples were analyzed in duplicate or greatep @iagritometry. Values followed by (*)
are significantly different from time zera (= 0.05). Range in mass fraction of gibbsite present in a sample was determined using TGA.

solid reaction from pH 4.5-5.0 to pH 6.0 (Table 5). This (Figs. 4 and 5). Spectra were obtained for solids reacted
pH increase results from proton adsorption [40] and mineral for 24 h with an initial 2,4-D concentration of 3.5 mM.
transformation reactions (e.g., Fig. 3 and Table 6). Equi- The difference spectra (Figs. 4a—4c) obtained by subtract-
librium pH stabilized at pH 6 and 6.4 after 24 h for the ing 0.02 M CaC} solution from a slurry of 2,4-D-adsorbent
porous and nonporous solids, respectively. Importantly, there CaCh reveals peaks attributable to 2,4-D bond vibrations.
was no effect of 2,4-D adsorption on equilibrium pH or Incomplete removal of b bands in the subtraction process
aluminum dissolution (data not shown). For example, af- hinders observation of asymmetric stretching of the COO
ter blank correction, linear regression of pH verdigs group (1635 cmt). Progressive removal of water by purg-
yielded slopes that were not significantly differentfrom zero. ing the sample cell with pD- and CQ-free air increased the
If 2,4-D adsorption resulted from a ligand exchange mech- resolution of this band with drying time (Figs. 5a-5c). As-
anism, equilibrium pH would have increased withgys be- signment of additional 2,4-D peaks in the spectra are as fol-
cause of OH release, but this was not observed. This infor- lows: C=C aromatic stretching (1480 and 1431¢hj sym-
mation coupled with the absence of adsorption/desorption metric stretch of COO (1340 cnt1); and in plane deforma-
hysteresis refute ligand exchange (i.e., inner-sphere com-tion of aromatic C—H (1260 cm) [52-55]. Characteristic,
plexation) as a likely mechanism for reaction. Therefore, the but unassigned, 2,4-D peaks are observed at 1615, 1391, and
data suggest that 2,4-D sorption occurs through electrosta-1290 cnt?. It is apparent that as porosity increases so does
tic sorption (i.e., outer-sphere complexation or adsorption in the intensity of the unassigned peak at 1615 &melative
the diffuse ion swarm). For example, adsorption may tran- to the asymmetric COO stretch at 1635 cmt. Although
spire via an anion exchange mechanism: compelling, we cannot presently attribute this observation to
_ + _ increased inter-molecular interactions within mesopores.
=AIOH;---CI" +R-COO The ATR-FTIR spectra (Figs. 4 and 5) do not show a
< =AlOH}---~O0OC-R+CI". (6) downward shift in frequency of the asymmetric and sym-
Enhanced 2,4-D adsorption onto mesoporous sorbentsmetric COO™ stretches with adsorption that are indicative of
might be expected if surface site density were correlated the formation of stable carboxylate complexes with surface
with porosity. However, as indicated by proton titration and coordinated metals (i.e., ligand exchange reactions [56-58].
ion adsorption measurements, all of these alumina solidsThus, the ATR-FTIR and adsorption/desorption data are
have nearly identical”_ values (Table 1) at the experimen- internally consistent, indicating that 2,4-D binds to both
tal pH and no differences in surface charge were observedporous and nonporous AD3 solids via nonspecific (outer-
over a wide range in pH [40]. One plausible hypothesis is sphere or diffuse swarm) adsorption.
that sorbate/sorbate interactions may be enhanced within the
curved geometry of confining pore walls, relative to external, 3.4. Mineral transformation during adsorption reactions
convex particle surfaces. If 2,4-D sorbs via electrostatic in-
teractions that are supplemented by intermolecular van der ~ Time-dependent changes in mineral structure, specific
Waals forces [31,32,34,38], then it is conceivable that in- surface area and porosity were measured over the full range
creased sorption results from confining pore geometry thatof reaction times employed to evaluate the stability of
increases probability of interactions between benzene moi-these materials and to assess whether changes in adsorbent
eties attached to adjacent molecules. This hypothesis is conProperties might influence contaminant adsorption behav-

sistent with the FFG isotherm data. ior (Fig. 3, Table 6). The effect of aging on Si adsorbents
was not investigated due to the absence of 2,4-D sorption to
3.3. Bonding of 2,4-D to Al,0O3 adsorbents these materials as discussed previously. After 9 d of reaction,

Al-P242 (Fig. 3b) begins to show XRD peaks attributable to
To elucidate the bonding mechanism of 2,4-D on@d gibbsite (18and 20 20) while the other two adsorbents re-
surfaces, infrared measurements were made on wet com-main relatively unchanged (Figs. 3e and 3h). However, XRD
plexes subjected to progressive drying using ATR-FTIR patterns of both mesoporous materials show emergence of
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Fig. 4. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) Fig. 5. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
difference spectra of 2,4-D-adsorbent slurry (0.02 M Gal&ckground spectra of 2,4-D-adsorbent slurry after 18 h drying time: (a) AP
electrolyte solution removed): (a) ARy, (b) Al-P141, and (c) Al-NRs7. (b) Al-P141, and (c) Al-NR7.

gibbsite peaks (Ref. code 07-0324) after 165 d of reaction It is noteworthy that, although the mesoporous@d

time (Figs. 3c and 3f). adsorbents showed transformation to more stable solids un-
Thermogravimetric analysis (TGA) was employed to der the conditions imposed in this study, the materials did

quantify the fraction of solid transformed to gibbsite as a not lose their mesoporosity in the process. Despite neg-

function of starting material and reaction time. The TG- ligible change in porosity, we did observe a decrease in

weight loss and endotherm data in the region 2502850 2,4-D adsorption at the longest reaction times, particularly

were analyzed using the extrapolated onset and return graphfor the lowest initial 2,4-D concentration. Further research

ical technique [59] (Table 6). The tabulated range includes ais needed to facilitate synthesis of kinetically stable meso-

lower value, which includes correction for mass loss from porous adsorbents and to determine the conditions suitable

unreacted samples over the same temperature range, anfbr using these materials in contaminant remediation.

a higher value, which is uncorrected for the control (Ta-

ble 6). Thus, the lower value is a conservative estimate of

the mass fraction of gibbsite in product solids formed over 4. Summary

the course of the experiment. The data clearly indicate ad-

sorbent transformation to gibbsite, the thermodynamically  Increased intraparticle mesoporosity i@k solids was

stable solid [40], over reaction time in suspension. found to result in increased affinity and uptake of 2,4-D
Goldberg et al. [24] also observed gibbsite formation when adsorption was normalized to sorbent surface area.

from less stable amorphous aluminum oxid&s= ranging The presence of intraparticle porosity resulted in a statis-

from 12.6 to 254 rAg~1), using XRD, after 9 d of reac- tically significant adsorption enhancement throughout the

tion at pH 4-5. In addition, these authors reported a nine- isotherm for the most porous material (A¢49) and at the

fold decrease irSget for a sample with an initiaSgeT = higher concentration range for the solid of intermediate

254 n? g~ 1. Despite the mineralogical transformation, large porosity (Al-Py41), irrespective of reaction time. In addition

changesirsget (€.9., severalfold decrease) even up to 165 d to the effects of intraparticle porosity, the positive surface

of reaction were not observed in the present study (Table 6).charge of the AIOz solids (at the experimental pH) con-

In addition, Dpore as determined by the BJH method did not  tributed to sorptive uptake since no sorption occurred on

decrease significantly for the porous materials. silica surfaces (very slightly negative to near neutral at the
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experimental pH), irrespective of porosity. Adsorption equi-
librium is achieved rapidly €30 min) and reversibly, and

sorption appears to be mediated through electrostatic inter-
action between the dissociated 2,4-D carboxylate group and
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