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Abstract 

B_i_nd,i_ng of hydrophobic organic contami_na_nt_s by h_um_lc acids controls their mobility and bioavailability in 

the environment. The use of aqueous commercial humic acids (HA) to enhance the solubilization and
_ 

mobilization of contja_min_ants in subsurface remediation is an active area of resea_rch_. This Paper 

presents the first published data on the binding of methylnapthalenes (MNs) by HA (Aldrich). These 
polycyclic aromatic hydrocarbons are important components of diesel fuel and other pe't_roleu_m mixtujres. 

‘Two techniques were employed to measure the binding: comparison of MN solubility in water and HA 
solution, and solid-phase microe'xtraction. Apparent binding coefficients (Km, app‘, mL/g) were similar for 

these techniques over two orders in magnitude of dissolved MN. Values of K.,c_ app increased over several 

days, indicating that delayed sorption was important. Consistent with earlier studies, Km a,,,, decreased 
with increases in aqueous HA, but appeared to approach constant values above 1 g/L HA. Using a 10

. 

glL solution of Aldrich HA in subsurface remediation would result in the following enhanced solubilization: 
3 to 4 fold for 1-MN, 7 to 8 fold for'1,3-diMN, 12 to 16 fold for 2,3,5-triMN. 
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l_N”"l"RO‘DUCTlON 

The chemical binding of hydrophobic organic compounds‘(l-lOCs) by humic substances is a key 

environmental process. By‘ this mechanism, natural humic substances play an important role in 

controlling the mobility [1-3] and bioavailability [4,5] of hydrophobic contaminants in the environment. To 
take advantage of this binding behavior, some investigators have conducted laborato_ry tests of the use 
ofcommercial humic acid (HA) as a aqueous carrier to increase the efficiency of subsurface remediation 

of hydrophobic contajminants [6-14]. 

In this paper, we report the binding of methylnaphthalenes (MNs) by Aldrich HA. The MNs are very 
important PAH components of some hydrocarbon mixtures. For e,x,ambpl,e, together with BTEX, they are 
the major water-soluble components of diesel fuel [15], hence posing an important groundwater 

contamination hazard. There are apparently no published data on the binding of MNs by aqueous humic 
substances. Previous _in,vestiga‘to‘r’s have focused on higher molecular weight PAl-is such as 

phenanthrene, pyrene, fluoranthene and anthracene.
A 

The binding of HOCs by aqueous humic substances is ofteh‘ _'r_nodele'd as partitioning (i.e., solid-phase 
dissolution), following a linear isotherm [16]. Changes in the extent of binding with pH and other 
chemical parameters have been documented. Nonlinear sorption of HOCs to H8 has often been 
modeled using the Langfimuiir or Freurndlich equations [17-19]. The binding of HOCs to aqueous HS may 
be com_petitive [1749]. 

Various methods have beer} used to quantify the binding of HOCs by aqueous humic substances. 
Advantages and disadvantages of the various techniques have been described [20-23]. Previous 

investigations of the binding of l5AHs by Aldrich HA have often employed the fluorescence quenching 
(FQ) technique [21 ,24-26],, However, it is doubtful that thistechnique could be used at the elevated HA 
concentrations (1 to 10 g/L) used in this study. Further, the FQ technique ‘is hindered by experimental 
difficulties” [22] and may overestimate the bind_ing coefficient [21]. Engebretson and von Wandruszka



[27] observed fluctuations in pyrene fluorescence that were not related to the level of binding, but to slow 

changes in the structures of "HS molecules or aggregates in response to the introduction of Mg”. 

Another approach to measuring the binding is to compare the aqueous solubility of a HOC, SW, and its 

“apparent solubility“, s*,,, in the presence of aqueous humic substances [16]. In this paper this approach 

will be referred to as the S* method. The apparent binding lcoefficient (K-°1,,_ app, mL/g) can be calculated, 

based on Equations 1 to 3: 

col: = (s*w ‘ Sw)l(cHA X I‘ 
. (Equation 1) 

cw = 8,, 
A 

(Equation 2) 

Koc, app = codcw ’ 

‘ 
‘ 

' 

_ 

(Eq‘uatio‘n 3) 

where 

cm is the bound MN per mass of organic C in the HA (pg/g');' 

c, is the dissolved MN (pg/mL), assumed to be at saturation; 
cm is the HA concentration (gIL) 
and fc is the weight fraction of carbon in Aldrich HA, reportedras 0.382 glg [-24]. 

Such an apparent binding parameter, K,,c_ app, does not imply either a linear sorption (binding) isotherm or 

equilibrium [28]. These binding coefficients can be used in.computer modeling of the enhanced transport 

of MNs in the presence of Aldrich HA. 

The solid-phase microextract_ion (SPME) technique [22,23] measures the "free" dissolved HOC, cw, which 

is generally less than SW. The total aqueous concentration of an HOC i_n a SPME test solution, q, can 
also be measured directly (in this study, by HPLC), and used to infer con: 

ct = cw + c., 
' 

' 

(Equation 5) 

co; = cbl(cHA x fc) 
— 

I 

. 

(Equation 6) 
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where c;, is the bulk, aqueous concentration of bound MN. '_

I 

Then based on Equation 3, the SPME results can be used to calculate Kw, app. 

in this study, the 8* method and SPME were used to measure the binding of MiNs by Aldrich HA. Given 
the various problems that may be associated with FQ, the usehof ‘:S* and SPME appear to be good 
alterniatives, which can be applied to a wider range of HA levels. In particular, the use of the SPME 
technique, which was introduced relatively recently, appears to offer several key advantages. Unlike 9-", 

it does not require the use of a_n immiscible liquid mixture,twhere tiny suspen_ded droplets may be 
inadvertently measured as dissolved phase. In comparison to another recently developed method, 

complexation-flocculation [21.], SPME causes minimal disturbance to the test solution. 

In this paper, solubility enhancement is operationally defined as S*w/SW. This term provides a 

qua_ntitative measure of the enhancement of solubility or "solubilization"' that would be anticipated in a 

subsurface remediation application. The S* method provides a direct measure of solubility 

enhancement. Assuming that a binding coefficient determined by SPME applies for the case cw = SW 
(i.e., linearsorption), solubility enhancement can be calculat’edu'sing Equations 1 to 3, rea_rra_nged as 

Eq‘u_at,i0n 7: 

so/sw: (Koqappx emf.) +1 (Equation 7) 

in this way, the SPME technique can also be applied to predict the enhancement of the solubility of 
HOCs in HA solutions for subsurface remediation applications. 

The results reported in this study are complementary to the first documented pilot-scale test of the use of 
a hum_ic acid to remediate hydrophobic contaminants in groundwater [9311]. in the pilot scale test, diesel 

fuel was the “residual-gphase” contaminant. ' 

In these bench‘:-scale binding tests, we used pure phase MNs, 
rather than diesel. This allowed us to determine binding coefficients for individual isomers, while



avoiding analytical interferences by other isomers or hydrocarbons. Also, the use of pure-phase MNs 
allowed much higher aqueous concentrat_io__ns of M:N_s in the batches. Previous studies [9,29] indicated 

that the aqueous concentrations of trimethylnaphthalenes derived from diesel are near the detection 

limit. 

EXPERIMENTAL PROCEDURES 

All experiments were conducted at room temperature (23 i-72°C) using a_na.lytical grad_e reagents. 

The comparative solubility (3') tests were used to investigate binding oftwo pure phase isome_rs, 1-_MN - 

(methylnaphthalene) and 1,3-DMN (di.met‘hyIn.aphthalene).‘~ Solid-phase microextraction (SPME) was 

used to examine the binding of the same isomers and three others, 2-lit/IN , 1-7 DMN, and 2,3,5-TMN 

(trimethylnaphthalene). 
A

A 

Solubility of methylnaphthjalenes in water and Aldrich HA: S* results 

Nominal 1 g/L Aldrich HA “solution” was prepared by adding sodium humate (Aldrich Chemicals, 
Milwaukee) HA to Milli-Q water. This was the same as used in pilot-scale tests, and is a kind of mixture 
that could easily be prepared in large volume for field-scale remediation applications. The HA solution 
was stirred for ~ 12 h. Minor particulate HA settled over the next 24-48 h, and the supematant was 
removed by peristaltic pump. Based on filtration and centtifugation tests, this nominal 1 g/L HA 
“solution” contained both dissolved and colloidal HA, and perhaps some remaining suspended, 

particulate HA. Milli~Q water and the no_mina_l 1 g/L Aldrichl-lA were sparged with Ar (~1 min per 1oo 

mL) to remove 02, and placed in an anaerobic chamber. The O; was removed to minimize subsequent 

biodegradation and photooxidation of. PAHs. Then, for each test, 100 mL of either HA and Milli-Q was 
transferred to a glass serum bottle, and pure NAPL-phase 1-MN or 1,3-DMN (Sigma-Aldrich Canada 

. Ltd., Mississauga, ON) was added in excess of the anticipated satuiration. The mixtures were sealed with 

Teflon-lined septa, placed on an orbital shaker for‘16 to 24 hours, returned to the anaerobic chamber,



then sampled by glass syringe (after 1, 2, 5 and 12 d) and filtered to remove residual NAPL or solid 
phase MN. Filters had been prepared by packing glass beads (0.60 - 0.85 mm diam.) between silanized 
glass wool plugs in a disposable Pasteur pipette. During preliminary testing, t_he first 6 filtrates showed 

gradual increases i_n concentrations and were therefore discarded. Subsequent samples were diluted 50 

% in rnethanol (HPLC grade, Ar-sparged) and analyzed by"Hr=Lc, using a waters“ system (eoors 
multisolvent delivery system, 700 WISP autosampler, and 3170 Scanning Fluorescence Detector). The 
chromatographic column selected for these analyses was a'RP"-8-Spheri-10 Brown|ee° cartridge (Perkin- 
Elmer Corp., Nonrvalk, CT)_. The eluent was a mixture of methanol and Milli-Q water (65/35 % by vol.). 
Prelimi_narY testing was conducted to determine whether aqueous Aldrich HA interfered with the analyses 
of total MNs. 

SPME tests o‘f'th‘e binding of methynaphthalenes by HA
J 

SPM'E‘fiber assemblies (with film of 100 pm polydimethylrsiloxane) and a manual sampling holder were 
purchased from SUPELCO Chromatography Products (oakviilcle, ON). The fiber was cut to reduce the 
length from 1 cm to 0.2 cm. in the anaerobicuchamber, were added from a stock (50 mg/L each of 

1-MN, 1,3-DMN and 2,3,5-TMN in methanol) to 100 mL of either Miil'li-Qwater (pH adjusted with NaOH to 
8, Ar-purged) or no'rni_r(ral 1 g/L Aldrich HA (Ar-purged) in glass serum bottles, to prepare final 

concentrations of between 100 to 1500 pg/L of each MN. These bottles were sealed and placed on an 

orbital shaker for‘30 mi_n. Then, within the chamber, portions (20 mL) of these solutions were transferred 

to glass vials (25 mL) and capped by septa for analysis by SPME. An internal standard could not be 
added to the batch solutions because it would bind to the HA_. Thus, it was decided to try a sequential 

immersion, technique. The SPME fiber was flrst immersed for 10 min with stirring in a 500 pg/L 
phenanthrene standard (in 4 mL of Milli-Q), then for 5 min inthe 20 mL sample to be analyzed, ag’a_in 
with stirring. A desorption test showed that there was neglible loss of phenanthrene to the sample. After 
sample immersion, within 1 min the fiber was manually _inserted into a Hewlett Packard GC/MSD (Model 
5890A GC, 5970 MSD). The'GC column was a DB-1 (J Scientific ln_c., Folsom, CA: 30 m long, 0.32 
mm OD, 0.25 pmfilm thickness), and the carrier gas wa_s'_hel:ium, The fiber was held in place for at least
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5 min at 250°C, The GC oven was held at 50°C for 5 min,-3the'n -increased at a rate of 20°C/min to 
250°C. 

The variability of thelphenanthrene results indicated that this was not a suitable internal standard. 

Results for the MNs were therefore reported as uncorrected. Batches analyzed by SPME-G03/MS were 
also analyzed by HPLC, but without prior dilution in methanol (see previous section). to measure the total 

concentrations of MNs, and by comparison, to determine the binding of the MNs to HA. As a check for 

negligible depletion by SPME, 1 pL volumes of MN in hexane were injected manually into the GC, and 
the detector response per mass of MN determined. Ba_sed"o_ri these results, the approximate fractions of 

each aqueous MN that had sorbed to the fiber per SPME test were on the order of 1-2 % (1 -MN, 1,3- 
DMN, 2,3,5-TMN). 

Subsequently, the SPME-.GC/MS technique was also used binding coefficients at two 

higher Aldrich HA concentrations: 3 g/L and 10 g/L The same procedures were followed except that 
larger quantities of MNs were added (2500 - 7500 pg/L) and the aqueous mixtures of MNs and HA were 
shaken for approximately 15 h prior to the initial analyses. 

1 

The latter change was made to provide more 

consistent results, given that larger quantities of MNs were added to the 3 and 10 g/L solutions. For 
HPLC analyses of MNs, samples of the 3 and 10 g/L HA batches were diluted in methanol (1 :5_, 

H2O:MeOH). 

RESULTS 

Solubility Enhancement of Methylnaphthalenes in the Presence of Aldrich HA 

For 1r-MN, the aqueous solubility, SW, was found to be 30.0 i 1.7 mg/L (n = 40). This result compares 

well with published values (T able 1). For 1,3-DMN, the SW was found to be 8.2 :l: 0.4 mglL (n = 24), also 

close to a previously published value (T able 1).
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The apparent solubilities, S*w, of .1-MN and 1,3-DMN in 1 g/L HA solutions were measured by HPLC. 
In the first S* batch test using 1 _glL HA, a large excess of NAPL phase 1-MN was added (2 g/L) yielding 
very high S*,,, results (119 to 196 mg/L), with values increasing ov'er'5 days (Table 2). Based on these 

results, the solubility enhancement was -.~ 4 to 6, much higher than expected, based on related tests 

(e.g.-, see SPME results). It was suspected thatthese high 8*.” results may have been affected by NAPL 
phase breakthrough during filtering. 

In the second S* test, a much smaller excess of 1-MN was used (0.2 g/L). After one day the S*,-,-, was 

56.5 mg/L (Table 2). It increfased to 63.1 mg/L after 5 days and 87.5 mglL after 12 days. 

The S*.,, of 1 ,3-DMN in 1 g/L HA as measured by HPLC. was 50.4 mg/L after one day, and then 
decreased to 45.1 mg/L after 2 days (T able 2), Overall, the data indicated an approximately six fold 

solubility en_hajnc_ement. 

The Km app values were ca_lcuIated for 1-MN and 1,3-DMN using Equations 1 to 3, as shown in Table 3. 
For 1-MN, the S* data indicated that a large proportion of the apparent sorption was a slow-phase or 
“delayed” component. The Koo, app values are approximatelylan order in magnitude smaller than binding 

' 

coefficients that have been inferred for slightly water solublve (_> 0.3 mglL) PAHs, such as fluoranthene, 

anthracene and pyrene, to less concentrated aqueous Aldrich HA, typically s 100 mg/L [21]. However, 

the K°c_ app determined for 1,3aDMN in this study (1.18 to 1.35.x 10‘ mug) is similar to previous K0,,- 
values for binding of moderately soluble phenanthrene (Table 1) to Aldrich HA, as determined by 

complexation-flocculation (1.47 to 1.66 x 104 mug) [21]. 

Binding of Methylnaphthalenes by Aldrich HA - SPME Results 

The SPME tests using 1 g/L Aldrich HA indicated that after; the MNs weregadded, their free dissolved 
concentrations declined steadily over the first six hours (Figure 1). The K.,c_ app values for MNs in 1 g/L
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HA were determined at several time intervals using the SPME results for the "free dissolved 
concentrations and HPLC results for total aqueous concentrations -(T able 4,'Figure 2). The sequential 

SPME results indicate that further binding of MNs to Aldrich HA occurred after the initial 6 hours. 
However, in contrast to the 3* results, the trend in K09, app as measured by SPME is not well defined. The 
SPME. data suggest that there is little net binding of MNs to HA between day 2 and day 7. 

Compared with S* results, the SPME technique yielded similar apparent binding coefficients for 1-MN 
and 1,3-DMN in 1 g/L Aldrich HA (Figure 2; Tables 3 and 4). Thus, the apparent binding coefficients 
determined for these two _MNs in 1 g/L Aldrich HA were found to be similar over approximately two 
orders of magnitude in dissolved MN concentrations (e.g.,—_-Q4200 pg/L (SPME) to 30 mg/L (S?) for 1-MN). 
However, the standard deviations for the Km app values detennined by SPME-GC/MS were considerably 
higher than for S*. Higher standard deviations forthe SPME-GC/MS technique can be attributed to a 

number of factors. This technique has larger a_na.lyticaI enrrors (by ~ 2 to 3 times) compared to HPLC (by 
Figure 3) becausethe SPME-GCIMS injections were performed rrnanuallya, a_nd an internal standard for 
the GC-MS could not be included. Also, some final dissolved concentrations in SPME batches were 
significantly lower than calibration standards. The different ages of the no_rnina,l Aldrich HA solutions 
used for the SPME technique (2 days to several weeks) may also have had some influence on the 
magnitude ofthe binding coefficient. 

There is strong evidence that the chemical properties of aqueous Aldrich HA change with age. Overtwo 
weeks following the preparation of nominal 1 g/L HA solution, the pH declined from 9.3 to 7.3, perhaps in 
part due to episodic exposure to the atmosphere of the anaerobic chamber, which contains 5% C02. 
The absorbance of 1 g/L nominal standard HA solution declined by about 15 % over approximately 100 d 

following its preparation (Figure 3). detailed'examinatior_to_f the aging of aqueous Aldrich HA and its 
effect on the binding of PAHs is outside the scope of this study. 

Results after one day equilibration in 1 gIL Aldrich HA for two other isomers. 2-MN and 1,7-DMN yielded 
very similar apparent bindingrcoefficients compared to 1-MN and 1,3-DMN respectively (Table 4). These
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results suggest that the apparent bihd'ing coefficients for the pure-phase isomers determined in this study 

are reasonably representative of the complex mixtures of isomers that are present in natural 

hydrocarbon products, such as diesel fuel;.; 

‘Table 5 provides a list of K°c_ app va_lues determined for Mhls 3 and 10 g/L Aldrich HA. For these batch 

tests, the total aqueous MN concentrations, ct, were based on the amounts added, given that HPLC 
indicated quantitative recoveries (see folilowing section). Aicorhparison of Tables 4 and 5 indicates that 

there is a general decline in Keg, app values with the increase in Aldrich HA concentration from 1 to 3 g/L. 
For example,.the K(,c_,a,,-,, values determined by SPME at 1 d_ay for 3 g/L HA were approximately 40 % of 
those determined at 1 day for 1 g[L HA. in contrast, the K03, app values determined for 10 g/L HA were 
very similar to those“for 3 g/L HA (T able 5; Figure 2). These data suggests that at elevated levels of HA 
G.e., > 1 glL Aldrich HA), the binding coefficient approaches a" constant value, in spite of concomitant 

changes in pH. 

Unlike the time trends observed for the 1 g/L Aldrich HA tests (Table 4), the Km app values did not change 
perceptibly betweenhdays 1 and 3 for the 3 and 10 gIL _Ald_rich HA batch solutions (T able 5). The lack of 
evidence for a delayed sorption component in these tests rnay be related, at least in part, to the fact that 

these solutions were shaken longer (15 h) than the 1 g/L solutions (0.5 h) following the addition of MNs. 

The lower relative standard deviations for the app values determined in 3 and 10 g/L HA, as opposed 

to those in 1 g/L HA. reflect at least two factors: i) less variation in the age of the HA solutions used, ii) 

the cw/cm, ratio decreased as the HA concentration incjreased, and the larger analytical error was 
_ 

associated with detennining the ow by SPME-GC/MS. 

Tests» for Interference by HPLC

\
/ 

Testing indicated that aqueous Aldrich HA did not interfere with the HPLC analyses of total aqueous MNs 
("free” plus _HA-bound fractions) in anaerobic batch solutions aged < 1 d (MNs in 1 g/L HA). However, in 

subsequent HPLC analyses to support the SPME technique, for batches aged up to 7 days, the peak
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areas for MNs tended to decline over time: there were ~ 20 to 40 % declines in apparent total 
concentrations by 100 to 150 h . Sometimes ~“shoulders’~' appeared on the leading edge of the MN peaks 
on the HPLC chromatograms. Such results suggested that ajraction of HA-bound MN was no longer 
readily recoverable by HPLC after several days, and/or eluted as adistinct fraction. 

in subsequent SPME tests, samples taken, at 1 and 3 days after MNs addition to 3 and 10 g/L Aldrich 
HA, were diluted in methanol (1: 5) several hours prior to their analyses by HPLC. in these tests the 

MNs were recovered quantitatively (> 96 % in majority of analyses). These results suggest that the 
methanol dilution step may be required to recover a significant fraction of slowly-desorbing MNs for 
HPLC analysis. 

Previous applications of SPME have included the quant_ifi‘cation'of ‘binding of various Hocs, including 
PAAHs by natural! aqueous humics [22], and the binding of chlorinated HOCs by Aldrich HA [23]. in this 

study, the SPME technique was used to examine binding of PAHs _in solutions that contained up to 10 
g/L Aldrich HA. Previous investigators of the binding of HOCs by HA have generally looked at relatively 
low HA concentrations (5 200 mg/L ors 100 mg/L as 0). Notable exceptions were the studies by 

Guetzloff and Rice [34] and Johnson and John [14], who, respectively, examined binding of DDT and 
PC-E in solutions containing up to 10 g/L or more Aldrich using the S* technique‘. We found that 
SPME analyses were relatively time efficient compared to S_‘‘, because mixtures containing up to three 
isomers could be analyzed. Also, SPME was more flexible than S* in te_rms of its ability to test binding at 
various dissolved MN levels. 

This study confirms earlier results i20,35,36] that have indicatedthat the binding of HOCs by HA 
decreases as the HA concentration increases. Previous observations of this trend were conducted at 
much lower HA concent_rations, typically < 50 mg/L. Landrum et al. [20] suggested that this app 

\ I

.
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versus HA concentration trend might be related to the formation of larger aggregates or associations of 
hu_mic acid at higher HA concentrations. Similarly, Li et al. [36] attributed this trend to increased 

aggregation at higher HA concentrations, leadi_ng to fewer avai'lable exposed binding sites. Our results 
suggest that the concentration effect on binding becomes negligibleat elevated levels of Aldrich HA (i.e.~, 
“nominal levels > 1 g/L). The reason for this pattern req'uires further. investigation. 

Guetzloff and Rice [34] reported that above 7,4 gll,-, aqueous Ajldrich humic‘ acid (HA)/ formed micelles, 

which g_re_at_ly enhanced its ability to dissolve DDT. In contrast, Johnson and John [14] fou_nd no 

evidence for enhanced solubilization of PCE by micellar Aldrich HA at concentrations > 7.4 g/L. 
Similarly, our results do not support the inferred critical micellar concentration (7.4 g/L) for Aldrich HA. 

For binding of’MNs to Aldrich HA, the coefficients (apparent) are nearly identical for 3 and 10 g/L HA. 

The dependence of the apparent solubility of 1-MN on the initial NAPUaqueous solution ratio (T able 2) 
may have been an artifact, due to breakthrough of NAPL phase during filtering. Alternatively, it is 

possible that the large excess in NAPL-phase 1-MN (2 g/L) changed the conformation and/or 

association/aggregation properties of the aqueous Aldrich which in turn, changed the extent of 

binding of dissolved phase 1-MN by the HA. Perhaps, similar to the effects of other added organic 

phases [37], the presence of abundant NAPL-phase 1-MN causes a reduction in HA aggregation, which, 
as for elevated HA (see above), may lead to an enhancement in binding. 

The 8* results indicate a significant delayed'co,mponen_t ofsorption for 1,-MN over 12 days (Table 3). Xu 

et al. [29] also used the S* technique and observed a similar delayed component for the binding of 

phenanthrene to Aldrich HA over a 36 day period. Others [36,38] h_ave also reported delayed sorption of 
HOCs to HA. Delayed sorption may be related to the slow rate of diffusion within the humic acid

‘ 

molecules and/or to activation energies of sorption/desorption [38]. Alternatively, the slow-phase of 

sorption may also be related to ongoing changes in the aggregation or association of the HA molecules, 
as influenced by the presence of NAPL-phase 1-MN.
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The SPME results suggest a shorter period of delayed sorption. ln 1 g/L Aldrich HA, the free dissolved ‘

V 

MN concentratio_ns declined steadily’ over the fi_rst six hours (Figure 1), and sorption increuased further by 
day 2 (Table 4).. Using the complexation-flocculation technique, Laor and Rebhun [21] reported similar 

trends for time-dependent binding of pyrene and phenanthreneéto Aldrich HA (filtered 0.45 pm) and 

inferred approximate equilibrium after 20 h. In contrast, some previous studies have indicated veryrapid 

sorption kinetics, reaching apparent equilibrium in several minutes, for the binding of HOCs to natural HS 

[22,39], and for binding of benzo[a]pyrene to aqueous Aldrich HA (filtered 0.3 pm) [40]. 

The apparent aging of Aldrich HA solution observed in thislstudy was not anticipated. This factor must 
be considered during furthertesting and field applications of Aldrich HA in subsurface remediation.

y 

Apparent aging of anaerobic NAPL.-llllN/water mixtures, without HA, were also observedi. For reaso_r_1(s) 

yet unexplained, after one week the HPLC analyses of such mixtures (not shown) tended to exhibit 
g‘rad_uajl declines in the mean concentrations of aqueous over time-. These aging effects should be 

examined further. 

Currently, there is a large amountof research devoted to the complex and dynamic conformation and 

aggregation properties of aqueous humic substances. some recent studies have challenged the 

conventional models and assumptions [27,37,41]. The results of this study reinforce the need to 

continue such basic research. 

significance for the use of humic acid carriers in subsurface remediation 

The apparent binding coeflicients observed for the co_ncentrated Aldrich HA batches can be used to infer 

the enhanced solubilization (S*w/SW) by nominal Aldrich solutions in subsurface remediation 

applications (see Introduction). Under ideal conditions there would be equilibrium dissolution of MNs 

from a NAPL contaminant hydrocarbon mixture, and the binding of MNs by aqueous HA would follow the 

Km, app values reported in this paper. Given these, assumptions," one would anticipate that in a 10 g/L 

Aldrich HA “treat_ment solution", the e_n_ha_nced solubiglizatiyon would be 3 to 4 fold for 1-MN, 7 to 8 fold for 

ijjfj-[£111]
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1»',3-DMN,and 12 to 16 fold for 2,3,5-TMN. It is anticipateduthat there would be even greater enhanced 

solubilization for more hydrophobic PAl-ls, such as pyrene, anthracene and others, given that the Km app 
value is related to the hydrophobicity of the PAH [16,40]. However, accurate modeling of the enhanced 
solubilization and mobilization of PAHs in subsurface remediation applications will also require data on 
t_he.s‘orptio_n of aqueous PAHs and Aldrich HA by the soil andlor aquifer materials. and on concurrent . 

biodegradation of the PAHs. The environmental impact ofathe use of concentrated Aldrich HA solutions 
will also have to be considered. some of these topics will be discussed in related papers.
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Table 1. $olubili_ty data for selected methylnaphthalenes. 

isomer Aqueous Solubility (SW mg/L) 

This Study 

Literature (20, 25°C) (23¢2°c) 

1-methylnaphthalene 25.a‘3°‘, 273“, 28.592‘, -3o.2‘°31,A ‘ 30.0 

32.01331
_ 

2- m’ethylnaphth_aIene 24.6[3°', 25.492‘, 269“ 22.6
( 

1,3-d'imethy|naphtha'|_ene 8.0”" 8.2



Table 2. Apparent soluVbi_|i‘ties (S*w) of pure phase methyinaphthalenes in 1 g/L HA. 

5 ' 

isomer 
5 ‘ ‘aging of sn, (mg/L) 

2 

(n) 

A A 5 

starting mixture u -:t 0' 

NAPUwater 

ratio days 

51-MN 

2 g/L 1 119.2 i 5.7 (36) 

2 122.3 :1: 22.0 (36) 

5 
\ 

196.2 :i:» 16.3 .(24) 

0.2 g/L 1 7 56.5 i 1.9 (36) 

2 53.6 2|: 2.2 (36) 

5 
. 63.1 :1: 3.3 (3.5) 

12 V 

1 

87.5‘i 3.3 (18) 

1,3-DMN 

0.1 g/L 1 50.4 :0: 1.6 (36)
I 

2 45.1 i 1.4 (36)
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Table 3. Apparent binding coefficients (KW, app as mL per g organic C in HA) based on comparison of 
aqueous solubility (SW) and apparent solubility in Aldrich HA (S,/A’). In this paper this approach is referred 

to as S* (see t_ext for details). 

Test Day K33. app mL/9*‘ 

it 1 cs 

1-MN ‘1 7.73 (2. 0.52) X10311) 

(2 g/L) 2 3.49 (21.93) x 103 

5 
_ 1.45 (:1: 0.14) £10“ 

1-MN 1 2.3 (1 0.22) x 103 

(0.2 glL) 2 2.1 (1; 0.24) x 103 

5 2.9 (:l: 0.32) x 103 

12 5.0 (i 0.36) x 103 

1,3-DMN 1 1,35 (:l: 0.05) x 10" 

2 1.13 (i0.05)x10‘ 

*as'suming Aldrich HA is 30.2 % 6r'ganic‘c [241
H
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Table 4. Apparent binding coefficients in 1 g/L Aldrich HA based on SPME 
(K°c',app as mL per g organic C in HA). 

Koc, app mug’, 
I 

(n) Test Equilibration Final dissolved 

pe_riod (days) MN conc. (pg/L) p. :1; o 

(1.800 A A 5 

1 
A 

309-‘1.07’9’ (£0.92) X;I:03' 

2 176- 191 4.1 (:1: O.41)x1O3 

6‘ A 192-456 5.4(:t1.1)x1O3 

7 
A 

"143- 171 4.0 (9: 0.55) x 103 

2-MN 1 410- 977 2.1 (i1.1)x1O3 

1,3—DMN 1 129 - 704' 4.3 (i 1.7) x 103 

2 . 117 - 125 7.9 (:1: 0.34).x 103 
.0 

6 138-292 1.0 (: 0_.17)x10‘‘ 

7 - 89 - 131 7.5 (1 0.60) x 103 

1,7-DAMN 1 418 .-599 3.7 (1 1.2) x 103 

2,3,5.-TMVN 1 88 - 489’ 7.9 (:l: 3.9) x 103 

2 97- 101 4.3 (:1; 0.13)x10-3 

6 101 - 220 1.3 (:1: 0.45) x 10‘ 

7 52 - 87 9.8 (i 0.52) x 103 

(27) 

(3) 

(9) 

(4) 

(1 3) 

(27) - 

(3) 

(9) 

(3) 

(13) 

(27) 

I

\ 

(3) 

(9) 

(3) 

‘assuming Aldrich HA is 38.2 % organic C [24]



Table 5‘. Apparent binding éoefficients in_3 and 10 g/L Aldrich HA so_I_ut,ions 
based on SFME (Km app as mL per g organic C in HA). 

Test” Aldrich Equi,i:i’t>rat3_i5nA ”Fi_na_i dissolved Km app mUg* (n) 

HA Period (days) MN conic. (pglL) )1 :t a 

cone.
3 

(9/L)
. 

1-MN 3 1 1.269-1,468 7.14 (:e1.19)x103 (3) 

3 3 1,325 - 1,567 8.22 (11.35) x 103 (3) 

10 1 
. 1,794 - 1,804 7.85 (i 0.13) x 103 (3) 

. 10 3 1,507 - 1.881 8.51 (i 1.28) x 103 ('3) 

1,3-DMN 3 1_ 737 - 86.0 1 (2 0.24) x 103 (3) 

3 3 
A 

781 - 981 1.58 (:t 0.38) x 103 (3) 

10 1 899 - 965 1.75 («_~ 0.08) x 103 . (3) 

10 3 799 - 984 1.88 (5 0.21) x 103 (3) 

2,-3,5-TIVIN 3 1 
- 488 - 539 3.35 (:i:.0.38) x 103 (3) 

3 3 474 - 652 2.90 (9 0.73) x 103 (3) 

10 1 573 .- 6.22 2.88 (:1: 0.13) x 103 (3) 

10 3 481 - 566 3.28 (1. 0.33) x 103 (3) 

*assurning Aldrich HA is 38.2 % organic C"[24]‘ '
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FIGUREICAPTIONS 

Figure 1. Trends in free dissolved concentrations of MNs-in 1 g/L Aldrich HA, as measured by SPME. 

For each MN, the starting concentration was 500 pg/L. 

Figure 2- Apparent binding coefficients versus time for various MN isomers, Aldrich HA concentrations 
and analysis techniques.

A 

Figure 3. Changes in absorbance for 1 g/L Aldrich HA standard over time.
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