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Abstract. Acidic uranium (U) contaminated plumes have resulted from acid-extraction of 

plutonium during the Cold War and from U mining and milling operations.  A sustainable 

method for in-situ immobilization of U under acidic conditions is not yet available. Here, we 

propose to use humic acids (HAs) for in-situ U immobilization in acidic waste plumes. Our 

laboratory batch experiments show that HA can adsorb onto aquifer sediments rapidly, strongly 

and practically irreversibly. Adding HA greatly enhanced U adsorption capacity to sediments at 

pH below 5.0. Our column experiments using historically contaminated sediments from the 

Savannah River Site under slow flow rates (120 and 12 m/y) show that desorption of U and HA 

were non-detectable over 100 pore-volumes of leaching with simulated acidic groundwaters. 

Upon HA-treatment, 99% of the contaminant [U] was immobilized at pH < 4.5, compared to 5% 

and 58% immobilized in the control columns at pH 3.5 and 4.5, respectively. These results 

demonstrated that HA-treatment is a promising in-situ remediation method for acidic U waste 

plumes. As a remediation reagent, HAs are resistant to biodegradation, cost effective, nontoxic, 

and easily introducible to the subsurface.  
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Introduction  

 Plumes of uranium (U) contamination in groundwaters have resulted from mining, ore 

milling, and various nuclear energy and weapons production processes. In several U.S. 

Department of Energy (DOE) weapon facilities including the Savannah River Site (SRS), Oak 

Ridge Site (ORS), and the Hanford Site, acidic waste solutions containing low-level 

radionuclides were discharged into unlined seepage basins for decades. As the results, acidic 

waste plumes developed in groundwater underneath the basins. After years of costly remediation 

efforts U concentrations remain 10 to 1,000 times higher than its maximum contaminant levels 

(MCL = 0.13 µM), and groundwaters remain acidic with pH values as low as 3.0. A sustainable 

U biogeochemical remediation method has not yet been developed, especially for acidic 

conditions. Bioreduction-based U stabilization requires permanent maintenance of reducing 

conditions through indefinite supply of electron donor (1-3), and when applied in acidic plumes 

expensive neutralization pretreatment is required (4). Methods based on precipitation of 

phosphate minerals cannot keep U concentrations below its MCL at any pH, unless dissolution is 

kinetically controlled or phosphate is maintained at much higher concentrations than the sub-μM 

levels typically found in groundwaters (5). Precipitating of uranyl vanadates can lower U to 

below its MCL (5), but this approach is only effective at near-neutral pH. Thus, there remains an 

urgent need for developing a sustainable method to remediate or attenuate the contaminant U in 

acidic waste plumes. 

 Humic substances in terrestrial and aquatic environments (6, 7) have complex properties 

and consist of a variety of organic components including humic acid (HA) and fulvic acid (FA). 

Compared to FA, HA consists of relatively higher molecular weight compounds, and has a 

stronger affinity toward mineral surfaces (7-10).  HA is capable of interacting with contaminant 
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U in many ways, and greatly influences the adsorption and mobility of U in aquifer environments 

(9, 11-14).  The influence of HA on U behavior is largely pH dependent. Under acidic pH, HA 

strongly adsorbs onto mineral surfaces (10, 15, 16), and the adsorbed HA in turn complexes and 

immobilizes contaminant metal ions such as UO2
2+, Cu2+, Cd2+ (9, 17-19).  At neutral and 

slightly alkaline pH conditions, HA adsorption on the mineral surfaces becomes weaker and the 

HA in aqueous solution form complexes or colloids with U(VI) that enhance mobility of U(VI) 

(11, 18, 20, 21). Tipping et al. (23) suggested that new and high-affinity metal complexation sites 

are created when HA adsorbed to goethite. Because HAs are products of microbial degradation 

of dead plants and organisms, they are very resistant to further biodegradation (6, 24).   

 Building on the rich literature addressing properties of HAs, their mechanisms for 

sorption onto mineral surfaces, and their complexation of metals, this work is unique in 

proposing and testing the use of HAs to in-situ immobilize contaminant U(VI) within acidic 

plumes. To the best of our knowledge, this has not previously been done.  Through a set of 

systematic equilibrium batch experiments and column HA-treatment and groundwater leaching 

tests on historically U contaminated sediments under environmentally relevant plume flow and 

chemistry conditions, we demonstrate that HA-treatment is a promising method for U 

remediation in acidic plumes.  

 

Materials and Methods (more details provided in Supporting Information (SI)) 

  Humic Acids and Stock Solutions. A standard Soil HA (Elliott) and a reference Peat 

HA (Pahokee) from the International Humic Substances Society were used and their chemical 

properties are summarized in Table S-1 in SI. Most of the experiments were conducted using 

Soil HA after we found that the Peat HA has similar effect. HA stock solutions were prepared by 
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dissolving weighed amounts of HA in deionized water, adjusting pH to 6.5, and filtering through 

a 0.2 µm filter.   

Sediments, goethite, kaolinite, and their stock suspensions.  Two sediment samples 

from the SRS F-Area were selected: uncontaminated background sediment (FAW-1) for batch 

experiments and contaminated sediment (FAW-2) for column experiments. The two sediments 

are within the same stratum and composed of the same minerals, predominantly quartz, kaolinite 

and goethite. FAW-1 and FAW-2 contain 13.0% and 5.2% of fine fraction (< 45 µm), and have 

BET N2-specific surface areas 4.6 and 1.9 m2/g for the whole sediment, and 35.9 and 36.5 m2/g 

for the fine fraction, respectively.  Because the BET data showed that nearly 100% of surface 

areas of the bulk sediments were contributed by the fine-fractions (< 45 µm), we chose to use the 

fine-fraction only for all the batch equilibrium adsorption studies. The bulk sediment samples 

were used for the column experiments. The fine-fraction (< 45 µm) was also separated from the 

ORS background sediment (25).  In addition, pure goethite and kaolinite (Alfa Aesar) were used 

as model systems and their BET N2-specific surface areas are 16.2 and 20.7 m2/g, respectively. 

The contaminated sediment FAW-2 contained 2.6±0.1 mg/kg U in the whole sediment, and 

3.26±0.04 µM [U] in its extracted pore water with pH 4.0.  Prior to the batch adsorption 

experiments, the fine-fractions of SRS and ORS sediments, goethite and kaolinite were 

suspended in deionized water as stock suspensions (25 g/L). Other chemicals used were all ACS 

reagent grade or higher.  

 Experimental Methods.  Unless noted otherwise all batch experiments were conducted 

in duplicate under atmospheric pressure (PCO2 = 10-3.5 atm) and room temperature (22 ˚C). All 

solutions contained 0.01 M NaNO3. The solid (sorbent) to water ratio was 5g/L. The batch 

reaction time was three days (based on the kinetic study), with continuous agitation on a shaker. 
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The vials were opened to air daily to maintain equilibrium with atmospheric CO2. The pH values 

were monitored and readjusted daily with small amount of 0.1 M HNO3 or 0.1M NaOH solutions 

to ±0.05 of the target values. Aqueous U(VI) concentrations were measured with a kinetic 

phosphorescence analyzer (KPA-11) or ICP-MS. HA concentrations were measured using a UV- 

UV-Vis spectrophotometer or a Shimadzu TOC analyzer.  (1) HA and U adsorption kinetics: 

four batch kinetic experiments were conducted at pH 3.5 and pH 5.0, using the SRS fine-fraction 

including HA adsorption, U adsorption, U adsorption onto HA pre-treated sediment, and U 

adsorption by amending HA into U pre-equilibrated sediment. (2) HA adsorption capacity and 

reversibility: HA adsorption capacity was investigated using a wide range of HA concentrations 

(10–300 mg/L) at pH 3.5, 4.5 and 5.5 for the SRS fine-fraction, and at pH = 3.5 for three 

different sorbents (SRS fine-fraction, goethite and kaolinite). HA desorption experiments were 

carried out at the end of adsorption procedure and the details are presented in SI.  (3) Effect of 

HA treatment on U adsorption under varied pH conditions: U adsorption onto the SRS and 

ORS fine-fractions, goethite, and kaolinite were performed under varied pH (3.0–9.5), constant 

total U (1 µM), in the absence and presence of total 50 mg/L Soil HA and Peat HA separately. 

(4) Testing HA treatment as an in-situ remediation method: four columns were packed with 

historically contaminated SRS bulk sediment. Two pH conditions, 3.5 and 4.5, were tested. 

Under each pH condition, there were two columns; one column was treated with HA and another 

(control) without HA.  The columns (10.0 cm tall and 2.54 cm inside diameter) were packed with 

the wet sediment to a bulk density 1.69 g/cm3 and porosity of 0.36.  During the treatment stage, 

160 mL, equal to 7.9 pore volume (PV) of four different solutions, all containing 0.01 M NaNO3, 

with or without 500 mg/L Soil HA, at pH 3.5 or 4.5, were injected from the bottoms of vertically 

oriented columns. The pore water velocity was set to 120 m/yr based on the estimated 
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groundwater average flow rate of 120 -150 m/y in the plume region the Savannah River F-Area). 

After 7.9 PV of HA solution injection, the flow direction was reversed by inverting the columns. 

Thereafter, all columns were leached with HA-free simulated groundwater (0.01M NaNO3) with 

pH 3.5 or pH 4.5. At PV 60, the flow rate was slowed to 12 m/yr to increase the solution-mineral 

contact time and to amplify the chemical reaction signatures. The effluent solutions were 

analyzed for U, HA, and pH.  

 

Results and Discussion  

 HA and U adsorption kinetics.  The rate and extent of HA and U adsorption onto the 

SRS sediment were measured, and the data are presented in Figure 1. The data were fit to the 

integrated pseudo-first-order rate equation (shown as solid and dashed lines in Figure 1). The 

detailed kinetic rate equations and simulated rate constants are presented in Table S-3 in SI. The 

data in Figure 1a show that HA adsorption onto the sediment is a rapid and pH-dependent 

process.  HA quickly reached ~100% adsorption within one minute at pH 3.5, and about 2 hours 

at pH 5.0.  The fitted first order constant for the adsorption process is 344 55 h-1 and 183 28 h-1 

at pH 3.5 and 5.0, respectively. U adsorption onto the sediment without HA (Figure 1b), required 

~10 hour to reach equilibrium, and ~22% and ~86% adsorption of the original 1.0 µM [U] was 

achieved under pH 3.5 and 5.0, respectively. However, the addition of HA (Figure 1c and 1d) 

significantly enhanced the rate and extent of U adsorption onto the sediment, regardless of 

whether HA was added before (Figure 1c) or after (Figure 1d) the U was added. This rapid 

adsorption suggests strong binding forces between U and the HA-altered grain surfaces. The 

fitted first order U adsorption rate increased from 0.84 h-1 to 145 h-1 at pH 3.5, and 112 h-1 to 

1082 h-1 at pH 5.0. The HA-treatment largely increased the extent of U adsorption, from 22% to 
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96% at pH 3.5, and 86% to 100% at pH 5.0. Note that ~100% aqueous U adsorption was not 

achieved at pH 3.5 in this experiment, but we believe that a treatment with higher HA (> 50 

mg/L) could achieve ~100% adsorption of U at pH 3.5, and thus determination of HA adsorption 

capacity (isotherms) is necessary.    

  HA Adsorption Capacity and Reversibility. The data on HA adsorption capacity onto 

the SRS fines are presented in Figures 2a and 2c; and the data comparing HA sorption onto three 

different sorbents are shown in Figures 2b and 2d.  The maximum (~100%) adsorption onto the 

SRS fines (Figure 2a) was reached for initial [HA] of 50, 100, and 200 mg/L at pH 5.5, 4.5, and 

3.5, respectively.  Comparing HA adsorption onto three different sorbents at pH 3.5 (Figure 3b), 

the adsorption capacity (mass basis) followed the order of SRS fines > goethite > kaolinite. To 

understand the HA adsorption capacity based on their specific surface areas, HA adsorption were 

transformed into surface area normalized adsorption isotherms (Figure 2c-d). All adsorption 

isotherms show a steep initial slope at low HA concentrations and then reach a plateau as the 

equilibrium concentration increases. The results indicate the presence of finite adsorption sites 

for each sorbent surface, and the HA adsorption can be described by the Langmuir Equation 

(solid lines in Figure 2c-d). The fitted Langmuir parameters are presented in Table S-4 in SI. The 

values of the maximum adsorption capacity (Qmax) of HA onto the SRS fine-fraction are 

1.240.05 mg/m2, 0.760.020 mg/m2, and 0.460.040 mg/m2 at pH 3.5, 4.5, and 5.5, 

respectively. Goethite shows significantly greater adsorption capacity (2.420.11 mg/m2) than 

SRS fine-fraction (1.240.05 m2/g) and kaolinite (1.000.018 mg/m2). The reversed order of 

adsorption capacity between SRS fine-fraction and goethite shown in Figure 2d vs. 2b reflects 

the difference between their specific surface areas: 35.9 m2/g for SRS fines and 16.2 m2/g for the 

goethite used in this study 
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    The reversibility of adsorbed HA was investigated through desorption experiments. We 

observed that HA desorption is very limited (< 0.5% of total adsorbed) under all experimental 

conditions using the same pH background solution without HA.  This is an indication that, 

besides the electrostatic interactions, the inner-sphere surface complexes of HA with the sorbents 

are formed that makes the adsorbed HA stable under acidic and slightly acidic conditions. These 

observations are consistent with results reported in the literature (9, 10, 16, 18, 29). Such strong 

adsorption of HA on mineral surfaces results in strong desorption hysteresis (irreversibility).  

Effect of HA-addition on U Adsorption under Varied pH Conditions.  The data of 

pH-dependent U adsorption onto four different sorbents are presented in Figures 3 a-d, 

respectively. The three curves in each figure present data from three conditions: the absence of 

HA, the presence of Soil HA, and Peat HA, respectively. Overall, HA addition greatly increased 

the extent of U adsorption within the region of pH < 5.0.  HA adsorption onto SRS fines 

increased from 10% without HA to 85% with both types of HA at pH 3.0 and from ~50% to 

100% at pH 4.0. The HA enhanced U adsorption was also observed with all the other sorbents 

under acidic conditions. Note that ~100% U adsorption could have been achieved under pH ≤ 

3.5, if a higher HA concentration (> 50 mg/L) was applied to overcome proton competition. The 

HA concentration used in this experiment, 50 mg/L, was only ~22% of the HA adsorption 

capacity (Qmax) on SRS fines at pH 3.5 (Figure 2c). Another observation is that HA addition 

decreased U adsorption at neutral and alkaline pH conditions, which is consistent with the results 

reported in literature (11, 18, 20, 21). This decreased U adsorption can be explained by the 

decreased HA adsorption onto solids with increasing pH shown in Figure S-1 in SI. The 

dissolved HA formed aqueous U-HA complexes at neutral and slightly alkaline conditions, 

restricting the extent of U adsorption onto the grain surfaces. Figure S-2 in SI shows that HA-
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bounded U is predicted to be the dominant U species under pH< ~7.5, and carbonate-bounded U 

become dominant at pH > ~7.5. The decreased U adsorption at pH > ~7.5 is due to competition 

between dissolved HA, carbonate, and U-carbonate complexes for adsorption onto surface sites, 

where observed HA adsorption remains high at pH up to 9.5, particularly for SRS sediment and 

goethite (Figure S-1). Kaolinite features point of zero charge (PZC) at around pH 5 (18, 22). 

Kaolinite becomes negatively charged at higher pH, causing decreased HA adsorption because of 

electrostatic repulsion with negatively charged HA, and further resulting in decrease of U 

adsorption with increasing pH (Figure 3d). However, goethite and goethite-rich SRS fine-

fraction possess positively charged surfaces at pH up to ~9.0 (PZC) (10, 27, 28) that favor HA 

adsorption.  Soil HA and Peat HA showed similar impacts on U adsorption onto the sorbents 

except for kaolinite. This difference (Figure 3d) can be explained by the fact that kaolinite 

surfaces prefer HA with higher molecular weight (30, 31).  In summary, these results 

demonstrate that HA treatment at moderate concentrations can significantly enhance U(VI) 

adsorption to natural sediments, and provide the basis for our proposed method of using HA to 

immobilize U in acidic (pH< 5.0) waste plumes.  

  Testing HA Treatment as an in-situ U Remediation Method.  The measured [HA], 

pH, and [U] values in effluents from column experiments are presented in Figure 4.  The first 

vertical dashed-lines indicate the transition point of the two stages: HA treatment/injection and 

simulated groundwater leaching/desorption. The two control columns experienced the same 

processes under the same conditions except that the influent solutions did not contain HA. At PV 

60 (the second set of dashed-lines) the flow rates were changed from 120 m/yr to 12 m/yr.   

 Effluent HA. The HA breakthrough curves from the two HA-injected columns are 

presented in Figures 4a-b. HA breakthrough occurred at PV 6 and PV 4 for the pH 3.5 and 4.5 
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columns, respectively. This result is consistent with the batch HA adsorption result (Figure 2) in 

that the adsorption capacity of HA is higher at lower pH. After stopping HA injecting, the 

columns were turned upside down, inflow lines were reconfigured to reverse the flow direction 

(relative to the original column coordinates), and the influent solution was changed to simulated 

groundwater (0.01M NaNO3) with corresponding pH 3.5 or 4.5 to leach U.  The high HA peaks 

occurred at PV ≈ 7.7 as the results of groundwater displacing the free HA-containing pore water 

from stage one. The HA concentrations quickly decreased to near and below the detection limit 

(0.5 mg C/L for the TOC analyzer and 0.5 mg HA /L for UV-vis spectrophotometer), and the 

effluent [HA] remained at this low level for the entire leaching stage, indicating that desorption 

of HA is negligible. An important observation is that the adsorbed HA remained adsorbed as 

effluent pH increased up to 6.0 (see pH curves in Fig.4d). The total HA injected is 80 mg for 

each HA-treated column, and the measured total HA loss in effluents is 1.2 mg and 4.2 mg for 

the pH 3.5 and 4.5 columns, respectively. Relative to the measured maximum HA adsorption 

capacity on SRS fine-fraction of 206 mg at pH 3.5 and 126 mg at pH 4.5, the total adsorbed HA 

accounts for 40% and 60% of the adsorption capacity of the column sediments at each pH 

condition. 

 Effluent pH. The sediment used to pack the columns has the original pore-water pH = 

4.0. The effluent pH values are presented in Figures 4c-d. During stage one, the effluent pH 

values varied between 4.0 and 5.0, irrespective of influent pH, with or without HA. This initial 

pH response indicated sediment-solution reactions that consumed the injected protons to 

different degrees. At the beginning of stage two, the effluent pH values reflected the influent pH 

values of 3.5 and 4.5 because of the reversed flow direction, except for the pH 4.5 control 

column (Figure 4d; we do not have an explanation for the increased pH at the point of flow 
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direction reversal).  The pH quickly increased, reached maximum values at PV ≈ 15. Thereafter 

the pH values gradually decreased and became equal and slightly higher than the influent pH 

values at about PV 35 and PV 45 for influent pH 3.5 and pH 4.5, respectively. At PV 60, the 

flow rate was reduced by a factor of 10, which again resulted in increases of effluent pH values. 

The two pH peak-values at PV around 78 and 99 correspond to times when the pump was 

stalling (suggesting that the rate of proton consumption became greater than that of supply by the 

flow), although a quantitative understanding of the proton consumption reaction is beyond the 

scope of this paper.  The important pH information we gained from this experiment is that 

although pH varied from 3.5 to 6.0, the increased pH did not impact either HA adsorption or U 

trapping for HA-treated sediments.   

 U Release. Uranium breakthrough curves are presented in Figures 4e-f. The high effluent 

[U] concentrations from all the columns at the beginning of stage 1 reflect the [U] in displaced 

original sediment pore-water (1.1 to 1.4 µM). The [U] decreased as the flow continued, and 

decreased more rapidly for the HA-injecting columns. The local variations in effluent [U] during 

stage 1 as well as early stage 2 resulted from two causes.  The high effluent [HA] in HA-treated 

columns correlated with increased [U] in the vicinity of the stage 1 to 2 transitions, attributing to 

U mobilization through aqueous HA complexes.  The other cause is the pH fluctuation for the 

two control columns; increased pH corresponded to decreased effluent [U].  Nevertheless, upon 

switching to the leaching stage, [U] in the HA-treated columns sharply dropped to below its 

MCL, and decreased further to non-detectable levels (estimated minimum detection limit 0.001 

µM U for these samples by KPA), and remained non-detectable over 100 PV leaching during the 

course of 200 days. It should be pointed out that even under the conditions of 10 times reduced 

flow rate and increased pH up to 6, the effluent U and HA concentrations remained non-
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detectable, indicating the very strong adsorption. Note that the minimum detection limit of U 

(0.001 µM) was applied to plot all the non-detectable [U] values.  In contrast, for the control 

columns, U continued to be leached out, particularly from the column with pH 3.5 influent. The 

effluent [U] was more sensitive to pH fluctuation during the earlier times when the U inventory 

in sediment was still high. Later on, effluent [U] in the control columns continued to decrease, 

reflecting reduction of sediment U inventory.  Based on our measured U concentration in the 

original contaminated SRS sediment, the total released U concentrations from the control 

columns after 106 PV are 95% at pH 3.5 and 42% at pH 4.5.  In strong contrast, only 1% and 2% 

of the original U were leached out of the HA-treated pH 3.5 and 4.5 columns, respectively. 

 

Application of HA In-Situ U Remediation.  The batch equilibrium experiments show that HA 

adsorption onto sediment surfaces is quick, strong and practically irreversible at pH < 5.0.  The 

mineral-adsorbed HA strongly complexes and effectively immobilizes U(VI) under acidic 

conditions. The column experiments show that injection of HA to the contaminated SRS 

sediments caused rapid U immobilization. Subsequent leaching with 100 pore volumes of 

simulated groundwater over 200 days at pH 3.5 to 6.0 did not release detectable concentrations 

of U. These results demonstrated that HA-treatment has potential as an in-situ remediation 

method for immobilizing U(VI) in acidic plumes. As the proposed remediation reagents, HAs 

(refractory decomposition product of biological materials, dead plants and organisms) are very 

resistant to further biodegradation, and persistent in the environment (24, 32). HAs are non-toxic, 

abundantly extractable from many environments, and are water-soluble so that they can be easily 

introduced into the subsurface.  Additional research is needed, including determining the effects 

of competing ions, such as Ca2+, Mg2+, Al3+, and NO3
-, which can occur at elevated 

 13



concentrations in some plumes. An in-situ field experiment needs to be conducted to further test 

this method.  
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Figure 1. Adsorption rate and extent of Soil HA and U onto the fine-fraction of background SRS 
sediment under conditions of 5 g solid /L, 0.01M NaNO3, initial 50 mg HA/L, initial 1 µM U, 
atmospheric CO2 (10-3.5 atm), and ambient temperature (22.5 ˚C). (a) HA adsorption without U; 
(b) U adsorption without HA; (c) U adsorption after HA-reacted with the sediment for 48 hours; 
(d) U adsorption enhanced by adding HA to the sediment that has been pre-reacted with U for 48 
hours. Symbols are experimental data points from the mean of duplicate samples with standard 
deviation. The solid and dashed lines are the modeled data with pseudo-first-order rate reaction 
(see Table S-3 in SI). 
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Figure 2. HA adsorption percentages (a, b) and isotherms (c, d), under conditions of 5 g solid /L, 
0.01M NaNO3, atmospheric CO2 (10-3.5 atm) and ambient temperature (22.5 ˚C). (a) HA 
adsorption percentage onto SRS fine-fraction as function of initial HA concentration at different 
pH; (b) HA adsorption percentage onto three different sorbents as function of initial HA 
concentration at pH 3.5; (c) HA adsorption isotherms onto SRS fine-fraction at different pH; (d) 
HA adsorption isotherms for three different sorbents at pH 3.5. Symbols are experimental data 
representing a mean of duplicate samples with standard deviation bars. Dashed-lines in (a, b) 
indicate data trends, and solid lines in (c, d) are Langmuir modeling results (details in Table S-4 
in SI). 
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Figure 3.  Impact of HA on U(VI) adsorption as function of pH onto (a) SRS fine-fraction, (b) 
ORS fine-fraction, (c) goethite, and (d) kaolinite, in absence and presence of 50 mg/L of soil-HA 
or peat-HA under conditions of solid concentration 5 g/L, initial 1.0 µM U, 0.01M NaNO3, 
atmospheric CO2 (10-3.5 atm) and ambient temperature (22.5 ˚C). Symbols are experimental data 
points from means of duplicate samples with standard deviation bars, and solid and dashed lines 
show the data trends. 
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Figure 4.  Breakthrough curves of [U] and [HA], and pH show that HA treatment significantly 
enhanced U immobilization in SRS contaminated sediment columns under acidic leaching 
conditions: pH 3.5 (a, c, e) and pH 4.5 (b, d, f). The vertical dashed-lines at PV 7.9 indicate the 
transition point from HA injecting/treatment to simulated groundwater leaching under reverse 
flow direction. All influent solutions contain 0.01M NaNO3. Dashed-lines at PV 60 indicate the 
point of flow rate change from 120 m/y to 12 m/y. 
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