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ABSTRACT 

A linear distribution isotherm best described the sorption/desorp-

tion of four phenols on the Pima clay loam soil. The linear distribution 

coefficients for 2,4-dichlorophencl, 2-chlorophenol, phenol and 2,4,6-

trichlorophenol were 3.61, 2.93 0.87, and 0.79, respectively. Ionization 

of the phenols affected their relative distribution order. The relative 

sorption order of the phenols was explained by the pH-dependent partition 

relationship in which the extent of ionization was accounted for. Hydro

gen bonding of phenols to exposed mineral sites accounted for the greater 

measured sorption than was predicted by simple hydrophobic mechanisms. 

The effect of solid concentration on the distribution of phenols 

was tested over a 10-fold soil/solution range. When a log transformation 

was performed on the data, a highly significant inverse relationship 

existed between the distribution of phenols and the soil/solution ratio. 

A 3-fold increase in the dissolved organic carbon in solution was asso

ciated with the decrease in the distribution coefficient. 

A 3-fold increase in the fraction organic carbon in the soil 

occurred when dry sludge solids were added to the Pima soil. Only the 

sorption of 2,4-dichlorophenol increased significantly with increasing 

sludge addition, while the sorption of the other phenols decreased or 

remained the same. A substantial increase in the dissolved organic 

carbon in solution was associated with the addition of sludge solids to 

the soil. 
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OVERALL INTRODUCTION 

The application of municipal sewage sludge to agricultural fields 

is a common practice throughout the United States (Conner, 1984). The 

beneficial aspects of amending soils with sludge are as follows: can 

provide all or part of plant N and P needs; provides plant micronutrients; 

increases soil organic matter for better nutrient retention and greater 

soil moisture holding capacity; and can offer a safe and economical method 

for sludge disposal. Yet potential health hazards exist in the land 

application of sewage sludge. Analysis of municipal sewage sludge in 

the U.S. has shown traces to toxic levels of heavy metals and organics 

on the EPA priority pollutant list (Naylor and Loehr, 1982). An 

understanding of the fate of priority pollutants and their potential 

percolation to groundwater are of interest in the management of sludge 

land applications. 

Of special interest are the fate of monohydroxybenzene derivatives 

(phenols) in sludge amended soils. Due to their toxicity and prevalence 

in the environment, phenols constitute 11 of the 129 EPA priority 

pollutants. Phenols (phenol, chlorophenols, nitrophenols and methyl-

substituted phenols) have been detected in surface waters and wastewaters, 

as well as municipal and industrial sludges (Keith, 1981; Wegman and 

Hofst, 1979; Naylor and Loehr, 1982). Chlorophenols are also present 

in agricultural practices as pesticides or degradation products of 

pesticides (Eder and Weber, 1980). 



12 

Phenols are also of special interest because of their variable 

chemical behavior. More specificly, studying the effect of chlorine 

substitution on the sorption properties of phenol was of concern. 

Unlike most organic compounds, phenol and chlorophenols are weak organic 

acids which ionize under alkaline conditions. As more chlorines are 

added to the phenol ring, the degree of acidity and therefore the degree 

of ionization of the phenols increases. With increasing ionization, 

the solubility of the phenols increase affecting their sorption behavior. 

In arid southwestern soils which are typically alkaline, the acidic 

phenols are ionized changing their affinity to soils. Thus, ionized 

phenols are potential groundwater contaminants. 

Phenol and chlorophenol are also different from most organic 

compounds in that they are polar. In low organic matter, high clay 

content soils, polar phenols can potentially sorb in greater amounts 

than non-polar organic compounds (i.e. chlorobenzenes) by forming polar 

bonds with mineral surfaces. 

Another important property of phenols which varies with the 

degree of chlorine substitution is the hydrophobicity or lipophilicity 

of the phenols. With greater chlorine substitution, the phenols become 

more hydrophobic. Of the four phenols of interest in this study (phenol, 

2-chlorophenol, 2,4-dichlorophenol, and 2,4,6-trichlorophenol), all the 

phenols with the exception of phenol are considered hydrophobic (i.e. 

they have octanol/water partition coefficients greater than 100). Because 

the degree of ionization, polarity and hydrophobicity are all influenced 

by the amount of chlorine substitution, the effect of chlorine 

substitution on the sorption behavior of phenols must be clarified. 
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The general purpose of this study was to determine the sorption 

behavior of phenol and 3 chlorophenols in a southwestern agricultural 

soil. A Pima clay loam soil (which typifies a southwestern agricultural 

soil) was used in this study. The Pima soil allowed for studying the 

effect of a high pH soil on the sorption of phenol and chlorophenols. 

Because the highly chlorinated phenols will be essentially fully ionized 

at the pH of the soil, the effect of pH on the sorption of phenols can 

be studied. Sorption mechanisms other than a simple hydrophobic mechanism 

can also be tested on the Pima soil because of the low organic matter 

and high clay content of the soil. If the phenols participate in polar 

bonding reactions to mineral sites, the measured sorption will be greater 

than the sorption predicted by a simple hydrophobic partitioning 

relationship. Thus, the bulk of this study was to determine the effect 

of ionization, polarity, and hydrophobicity on the sorption behavior of 

phenol and 3 chlorophenols. 

The effect of soil/solution ratio on the distribution of phenols 

between the sorbent (soil) and the solution over a 10-fold soil/solution 

range was also studied. This study was conducted in hopes of determining 

the distribution relationship at an actual field soil/solution ratio. 

Also of interest was the effect of amending soil with municipal 

sewage sludge on the sorption of phenols. The overall goal was to apply 

the information obtained in the study to classify the phenols in terms 

of potential groundwater contaminants in southwestern agricultural soils 

and southwestern soils amended with sludge. 
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SORPTION/DESORPTION ISOTHERM FOR 
PHENOL AND CHLOROPHENOLS: MECHANISMS 
WHICH INFLUENCE THEIR SORPTION BEHAVIOR 

IN A PIMA CLAY LOAM SOIL 

Introduction/Overview 

Properties Influencing 
Sorption Behavior 

An understanding of the affinity of phenols to soil will help 

determine the persistence, mobility and bioactivity of the compounds in 

a soil environment. Assessment of the fate of phenols in a soil environ

ment requires knowledge of the distribution of phenols between the soil 

and solution phases. Specific properties of the sorbate (phenols), 

solution, and sorbent (soil) which will influence the sorption behavior 

are discussed below: 

1. Water solubility, polarity, ionizability and lipophilicity 

will influence the behavior of HIOC. Table 1 shows the pertinent proper

ties of the phenols studied. The lipophilicity of the four phenols 

studied are expressed by the log octanol/H20 coefficient (log Kow). 

The values increase with greater chlorine substitution. The extent of 

ionization expressed by the acid formation constant, Ka, also increased 

with greater chlorine substitution. 

2. Properties of the soil solution of importance are the ionic 

strength, the pH and the concentration of non-settable colloidal particles 

suspended in solution and the concentration of the soluble organics. 

3. The soil solids properties of interest are the type and 

amount of organic matter, the type and amount of clay, the CEC, the 
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Table 1. Chemical properties of phenols. 

Name MW 

[g/mole) 

pka Solubility 
Pressure 

(mg/l H2O) 

log Kow Vapor 

(@ 20°C 
torr) 

Phenol 
2-CP 
2,4-DCP 
2,4,6-TCP 

95.12 
128.50 
163.00 
197.45 

10.20J 
8j521 0 

7.70J-7.852 
5.993-6.152 

93,000! 
28,000 
4,500 
800 

1.461 
2.173 

2.753-3.232 
3.383-3.722 

0.5291 
2.2 
0.12 
1.0 

1) Callahan M.A. et al., 1979 (EPA) 

2) Schellenberg et al., 1984 

3) Westall et al., 1985 

4) Eder and Weber, 1980 
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acidity and buffering capacity of the soil (Table 2). The organic matter 

content will influence the amount of hydrophobic sorption as well as 

participate in H-bonding (Schellenberg et al., 1984; Boyd, 1982). The 

clay content will influence specific sorbent-sorbate sorption of polar 

organic compounds (Hasset et al., 1981). Artiola and Fuller (1982) 

showed pH and iron oxide content of the soil and to a lesser extent 

clay content controlled the sorption of phenols. 

Characterizing Sorption Behavior 

The properties discussed above will influence the sorption 

behavior of phenols on soils and thus influence their fate in a soil 

environment. Sorption behavior of organics are commonly quantified 

using equilibrium adsorption isotherms. Linear isotherms were obtained 

for the sorption of chlorophenols in an aquatic environment at low 

concentrations (10"® - 10"®M) (Schellenberg et al., 1984; Isaacson and 

Frink, 1984). Linear sorption isotherms can be described mathematically 

in the equation 

S=KpC ( 1) 

where S is the concentration sorbed (ug/g), C is the concentration of 

organic in solution (ug/ml) and Kp is a linear partition coefficient. 

Other authors have used a Freundlich isotherm to describe phenols' 

sorption to soils (Boyd, 1982; Scott et al., 1982). This isotherm can 

be expressed by 

S=KfC1/n ( 2) 

where 1/n compensates for the deviation from linearity and Kf is the 

Freundlich partition coefficient. The deviation from linearity has 
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Table 2. Characteristics of Pima Clay Loam 45-90 cm. 

Soil Order 
Soil pH 
Size Fraction: 
Clay % 
Sand % 
Silt % 
CEC meq/lOOg 
Organic Carbon %C 
Electrical Conductivity mmhos/cm 
Clay Minerals (predominant type) 

Entisolb 
7.9a 

32.7b 
21.6° 
45,6b 
30b 
0.306c 
0.84a 
montmorillonite" 

a) Measured in saturated paste 

b) Post, 1979 

c) %C by wet combustion method on air dry soil 
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been shown to be dependent on the soil type as well as the phenolic 

compound. Scott et al. (1982) showed varying Kf (0.57 and 1.19) and 1/n 

(0.96 and 0.76) for phenol on the Capatina and Palouse soils, 

respectively. Boyd showed deviation in 1/n (all < 1) for substituted 

phenols on the Brookston clay loam soil. Artiola and Fuller (1982) 

found freundlich isotherms best fit the sorption relationship of six 

phenols for a variety of soils. 

In theory, the definition of a sorption isotherm assumes 

equilibrium was obtained and the sorption process is reversible (Chiou 

et al., 1979; Gschwend and Wu, 1985). Thus sorption and desorption 

isotherms would have the same results. However, this does not hold 

true in real life where some compounds irreversibly sorb and where the 

kinetics of desorption are slow compared to sorption (Di Torro and 

Horzempa, 1982). Irreversible sorption was reported for monochloro and 

dichloro substituted phenols causing a hysterysis effect (Isaacson and 

Frink, 1984; Eder and Weber, 1980). The resistant desorption could 

cause a significant affinity and persistence of chlorophenols to soil. 

In hopes of categorizing the sorption behavior of a specific 

organic compound class (i.e. phenols) on a wide variety of natural 

sorbents, investigators have developed empirical linear free energy 

relationships. A good means of categorizing the sorption of organic 

compounds, especially neutral organic compounds, is to relate the log 

Kow of the compound to the partition coefficient, Kp. The affinity to 

the natural sorbent is strongly dependent on the fraction organic carbon, 

foe, of the sorbent. A highly linear relationship exists between Koc, 

an imaginary partition coefficient of 100% organic carbon, and Kow for 



19 

hydrophobic organic compounds (Karickoff et a!., 1979; Means et a!., 1980; 

Schwarzenbach and Westall, 1981). Koc can be expressed for a wide variety 

of natural sorbents where 

Koc = Kp/foc = b(Kow)a/foc ( 3) 

with a and b being constants dependent on the specific organic compound 

classes' behavior with natural sorbents. 

For natural sorbents with foe > 0.008 and a low surface area, 

Schellenberg et al. (1984) found a strong dependency for sorption of 

chlorophenols on foe (a hydrophobic relationship). They reported the 

following linear correlation between Koc and log Kow: 

log Koc = 0.82 log Kow + 0.02 (r2 = 0.98) (4) 

For neutral hydrophobic organic pollutants (e.g. polynuclear 

aromatic hydrocarbons and chlorobenzenes), Koc was shown to be constant 

over a wide range of natural sorbents. Schwarzenbach and Westall (1981) 

elaborated on the lipophilic relationship, stating that for neutral 

hydrophobic organic pollutants with an foe > 0.001, Koc is independent 

of the natural sorbent. 

Other authors have used the solubility relationship (i.e., the 

organic compounds affinity to water) to define the partition between 

the solid phase and the solution phase. Linear free energy relationships 

have been developed comparing a compounds water solubility (Sol) to Koc 

for hydrophobic organic compounds. Chiou et al. (1979) found a highly 

linear solubility relationship for non-polar hydrophobic organics: 

log Koc = -0.686 log Sol(mg/l) + 4.273 R2 = 0.988 ( 5) 

Southworth et al. (1986) extended the solubility relationship to encompass 

polar and non-polar compounds in low organic soils: 
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log Koc = -0.15 log Sol + 2.6 R2 = 0.06 ( 6) 

However, by dealing with a large group of organic compounds, the accuracy 

in defining the sorption behavior of a specific compound class decreased 

(R2 = 0.06). When Southworth et al. (1986), removed phenols from the 

solubility relationship, a better correlation was obtained: 

log Koc = -0.0481og Sol + 1.39 R2 = 0.6 ( 7) 

The improvement of the relationship by removing phenols 

exemplifies the unique behavior of phenols especially in low organic 

matter soils. Thus both the lipophilic and solubility relationships 

break down for polar, ionizable organic compounds in low organic matter 

soils. 

Unique Sorption Behavior of Phenols 

The unique behavior of polar, ionizable organic compounds compared 

to non-polar, neutral compounds is evident in the variability of Koc 

among natural sorbents, especially in low-organic matter soils. 

Schellenberg et al. (1984) found a fair amount of variability in the 

Koc of chlorophenols among natural sorbents and Southworth et al. (1986) 

found higher Koc values at low foe than predicted by the solubility 

relationship for phenols. Specific sorbate-sorbent interaction is often 

thought to be responsible for greater measured than predicted Koc (Boyd, 

1982; Southworth et al., 1986; Isaacson and Frink, 1982). The polarity 

of the neutral phenols probably contributes to the increased sorption. 

The phenolic hydroxyl forms hydrogen bonds with hydrogen-bonding sites 

on soil organic matter, and mineral surfaces (Boyd, 1982; Saltzman and 

Yariv, 1975). 
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Unlike neutral hydrophobic organic compounds, phenols have been 

shown to sorb directly to mineral sites. Saltzman and Yariv (1975) 

found a considerable amount of phenol and p-nitrophenol sorbed by 

montmorillonite. Hasset et al. (1981) showed that a lipophilic 

relationship underpredicted the sorption of polar -naphthol in low 

organic matter, high montmorillonite soils. They determined that the 

lipophilic correlation would indicate the minimum sorption possible if 

the ratio of organic carbon to montmorillonite was < 0.1 (%/%). The Pima 

clay loam and other southwestern soils have low organic matter and high 

clay contents. Thus, where clay surfaces are exposed, H-bonding to 

mineral sites is expected. 

In the discussion of sorption thus far, one major aspect which 

was ignored is the ionization of phenols. As weak organic acids, phenols 

and chlorophenols are pH dependent. At the pH of soil and water, the 

highly chlorinated phenols will become ionized forming phenolate ions. 

OH 

CI CI 

A C I D I C  — ^ B A S , C  

NEUTRAL Farm IONIZED 

PROTONATED PHENOLATE 

Unlike the sorption of neutral organic compounds, partitioning of HIOC 

is strongly dependent on the pH of the soil. Only at low soil pH values 

where pKa - pH > 2 will Kp adequately describe the partition relationship. 
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Otherwise the actual partition must be expressed as a distribution ratio 

which is defined by both the neutral phenol concentration [AH] and the 

phenol ate concentration [A-]: 

D = [AH]S + [A-]s/([AH]! + [A-]!) ( 8) 

where the subscripts S and 1 refer to sorbed and solution concentrations, 

respectively. The degree of protonation is a function of the acid 

formation constant, Ka, of the phenol and the hydrogen ion concentration, 

[H+], of the solution. 

Q = [AHll_ - 1 / (1 + Ka/[H+]) ( 9) 
[A-]] + [AH]! 

Thus the highly chlorinated phenols with pKa 5 to 6 will be predominately 

ionized under alkaline soil conditions (pH > 7.3). 

Phenol ate sorption has generally been shown to be insignificant, 

and the neutral phenol concentration ([AH]§) becomes the dominate species 

participating in sorption (Schellenberg et al., 1984; Eder and Weber, 

1980). 

Therefore phenolate sorption is ignored, and the distribution 

ratio simplifies to: 

D = [AH]s/([AH]i + [A-]!) (10) 

A linear distribution isotherm then can be expressed for a 

specific soil over a range of concentrations where 

Di = S/CL (11) 

with D] being the linear distribution coefficient, S being the total 

concentration sorbed ([AH]$), and Cl being the total concentration in 

solution ([AH]•] + [A-]-|). 
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Schellenberg et al. (1984) stated that if the pKa - pH 1 and 

phenolate sorption was ignored, the distribution ratio can be related 

to the neutral partition coefficient by the pH-dependent partition 

relationship: 

D = KpQ (12) 

Once D has been measured and the degree of protonation is known, a 

comparison among the partition relationship of different pH soils can 

be made. The exception to the D=KpQ relationship would occur if 

phenolate sorption was significant. Phenolate sorption has been shown 

to be significant for tetra- and pentachlorophenols by Schellenberg et 

al. (1984). Both ionic strength and organic matter were shown to 

influence the extent of phenolate sorption (Westall et al., 1985; 

Schellenberg et al., 1984). 

Objectives 

By studying the specific properties of the phenols, the soil 

solution and the soil solids, an understanding of phenols' affinity to 

soil and potential mobility can be developed. A simple "batch equili

brium" experiment was run to define a distribution isotherm for phenol, 

2-chlorophenol (2-CP), 2,4-Dichlorophenol (2,4-DCP), and 2,4,6-Trichloro-

phenol (2,4,6-TCP) on a low organic matter, high clay content, alkaline 

soil. Determination of the affect of ionization on the distribution of 

phenols along with the analysis of different sorption mechanisms 

(hydrogen-bonding versus hydrophobic bonding) involved in the sorption 

of HIOC phenols was studied. The experiment should help define the 

affect of chlorine substitution on the sorption behavior of phenols. 
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Methods and Materials 

Soil/Sorbent 

The Pima clay loam soil used as the sorbent was obtained at the 

Marana Agricultural Center at Marana, Arizona. A composite soil sample 

from the 45 to 90 cm depth was air dried and crushed to pass through a 

2 mm sieve. The soil is typical of an arid southwestern soil with low 

organic matter, high clay content and an alkaline pH (See Table 2). 

Phenols/Sorbate 

Three chlorophenols (2-CP, 2,4-DCP, and 2,4,6-TCP) were obtained 

from Aldrich Chemical Co. at 99% purity. Phenol solution of 88% by 

volume (Mallinckrodt) was used without further purification. Specific 

properties of these phenols are given on Table 1. 

A stock phenol solution was prepared containing all four phenols. 

Past experiments by Schellenberg et al. (1984) showed several chlorinated 

phenols in the same batch experiment did not influence the sorption 

behavior of individual phenols at phenol concentrations of 10~®M. Thus 

a stock phenol solution was prepared by weighing out known amounts of 

all four phenols (±0.0001 g) into 100 ml of analytical grade methylene 

chloride. The concentrations of phenol, 2-CP, 2,4-DCP, and 2,4,6-TCP 

in the stock solution were 1200, 1000, 1000, 2000 ± 10 ug/ml, 

respectively. A higher concentration of 2,4,6-TCP was used due to 

analytical limitations of the compound. The slightly higher phenol 

concentration was used because of the practical limitations of measuring 

small amounts of the phenol solution accurately. 
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Solution 

A 0.005 M CaCl2 solution was prepared for the batch equilibrium 

experiment by adding CaCl2 2H2O salt to doubly deionized water. The 

0.005 M CaCl2 solution was used instead of deionized water to inhibit 

dispersion and better typify a soil solution. 

Batch Equilibrium Experiment Adsorption Step 

Approximately 120 g of air-dry soil was weighed into a pint-

size glass jar. The soil was pre-moistened to a 10% (wt/wt) water content 

with 0.005 M CaCl2. Then between 1.5 and 6 ml of phenol stock solution 

was spread over the pre-moistened soil. Soil concentrations of 12 to 

72 ug/g for phenol; 10 to 60 ug/g for 2-CP and 2,4-DCP; and 20 to 120 

ug/g for 2,4,6-TCP were obtained (on a dry soil basis). After mixing 

the stock solution into the soil and allowing the phenols stock solution 

to sit in contact with the soil for 15 minutes, the soil moisture content 

was raised to 35% (wt/wt) and stirred again. (The 35% moisture content 

allowed for an even distribution of the phenols over the soil while not 

fully saturating the soil). The jar was sealed and the phenols were 

allowed to sorb for 24 hours. 

Desorption Step 

To obtain an isotherm, 10i0.01 g (on a dry-soil basis) of spiked 

soil was added to a 50 ml Oakridge style teflon centrifuge tube. (The 

remaining soil was used for experiments in Chapter 2). Thirty milliliters 

of 0.005 M CaCl2 solution was added to the centrifuge tube to obtain a 

soil/solution ratio of 1:3 (g/g). The tube was capped and shaken for 8 

hours on a Barrel wrist-action shaker (to desorb the phenols). The 



26 

solution was then separated from the soil by centrifuging at 10,000 rpm 

for 20 minutes at 15°C on a Sorvall refrigerated centrifuge. All samples 

were run in duplicate and mean values are reported. 

Phenol Extraction 

A modification of EPA Test Method 604 (the determination of 

phenols in wastewaters) was used to extract and quantify the phenols 

concentrations in solution (EPA, 1982). Twenty-five milliliters of 

centrifuged solution was extracted from the tube with a glass volumetric 

pipette. After raising the pH to > 11 by adding two drops of 10M NaOH, 

the solution was extracted with 5 ml of methylene chloride. The methylene 

chloride extraction removed any base/neutral soil organics which might 

interfere with the quantification of phenols and it was discarded. The 

pH of the (aqueous) solution was then lowered to pH<2 by adding three 

drops of 1:1 H2SO4. At the lower pH all the phenols (phenolates and 

protonated phenols) are extracted from solution as 'neutral' compounds 

with 5 ml of methylene chloride. Another 5 ml of methylene chloride 

was used to assure complete extraction of the phenols from solution. 

Dry and Filter Extracts 

To improve chromatographic separation of the phenols and enhance 

column life span, the acid methylene chloride extract was filtered and 

dried by pouring the extract through 4" of anhydrous sodium sulfate 

plugged by 1/2" of phosphoric acid-treated glass wool. Disposable 6" 

glass pipettes were used as drying columns to accommodate the small 

sample volume. To avoid cross-contamination, the pipettes were only 

used for duplicate samples. 
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Quantification of Phenols by GC/FID 

A Varian 3400 series gas chromatogram (GC) with a flame ionization 

detector (FID) and a 1% SP-1240-DA glass column was used to separate 

and quantify the four phenols. Chromatogram operating conditions are 

given in Table 3. A calibration curve was obtained by injecting 2 ul 

of five phenol concentration levels into the G.C. The samples were 

injected twice into the G.C. and the peak areas were averaged for each 

concentration level and compound. (Five concentration levels were 

obtained from dilutions of the stock phenol solution with methylene 

chloride). A highly linear relationship was found for all four phenols 

as shown on Table 4. Two ul of soil solution extracts were then injected 

into the G.C. and concentrations were obtained by comparing the peak 

areas with the linear calibration curve. The sorbed concentration was 

determined by the difference of the initial concentration of the spiked 

soil and the soil solution concentration. 

Recovery Study 

A recovery study was conducted to determine the efficiency of 

the extraction procedure. The study was conducted at three soil solutions 

and two concentrations to determine if either variable effected the 

recoverability of the phenols. Neither variable affected the recovery 

of the phenols significantly at the detection limits of the experiment. 

Recoveries of all compounds except phenol, was 100% ± 2%. Because of 

phenols high pKa (10.2) and relatively high solubility (93,000 mg/1), 

30% of phenol was lost in the base/neutral clean-up step. The 70% phenol 



Table 3. Gas chromatograph parameters. 

Detector: FIDDetector Temp. = 230°C 

Carrier gas: ̂ Carrier flowrate = 30ml/min 

Injector Temp. • 200°CSensitivity/Range = 10**-11 

Column type: 1%-SP-1240-DA on 100/120 supelcoport (glass) 
Length = 2 meters ID = 2 mm 

Column temp.: 70°C for 2 minutes then 8°/min. up to 160°C 
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Table 4. Calibration curve August 17, 1986 parameters for concentration 
vs. peak area. 

Name Slope Intercept R2 Cone. Ranqe 

Phenol 
2-CP 
2,4-DCP 
2,4,6-TCP 

2.69x10-4 
3.61x10-4 
4.92x10-4 
5.73x10-4 

0.694 
0.114 
0.184 
0.445 

0.9997 
0.9996 
0.9997 
0.9997 

6-84 ug/ml 
5-70 ug/ml 
5-70 ug/ml 
10-140 ug/ml 
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recovery was taken into account when calculating the phenol concentration 

in solution. Table 5 gives the results from the recovery study. 

Results 

Desorption data from five initial concentrations at a 1:3 

soil/solution ratio were plotted (see Fig. 1) and a best-fit isotherm 

(Linear vs. Freundlich) was determined for each phenol. A highly 

significant linear relationship exists for the desorption isotherms of 

the four phenols. The linear distribution coefficients, D-j, were 

ascertained by calculating the slopes of the linear isotherm data 

(Eq. 11). The slopes were determined by a regression analysis of the 

isotherm data (linear relationships were forced through the origin). 

Table 6 gives the D] and correlation of the linear regression for each 

phenol. 

Phenol's isotherm data fit the linear relationship the least 

well with a = 0.90, and 2,4,6-TCP deviated from linearity at the 

higher concentrations. When fit to a Freundlich relationship (Eq. 2), 

1/n < 1 were obtained; but correlation coefficients obtained were less 

significant than that of the linear distribution relationship. Therefore, 

the linear relationship was used to describe the sorption behavior in 

all subsequent analyses. 

The relative distribution order of the phenols was 

2,4-DCP > 2-CP > Phenol > 2,4,6-TCP. 

The degree of protonation, Q, influenced the relative D-| order of the 

phenols. The degree of protonation, Q, was 

0.47; 0.81; 1.0; 0.02 
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Table 5. Percent recovery of phenols from the extraction procedure. 

% Recovery of Compound 

Soil/ 
Solution 

Cone, 
ug/ml 

Phenol 
% 

Cone, 
ug/ml 

2-CP 
% 

Cone. 2, 
ug/ml 

4-DCP 
% 

Cone, 
ug/ml 

2,4,6-TCP 
% 

Pure 24 70.0 20 100.8 20 104.8 40 100.0 

1:3 24 73.0 20 105.0 20 108.0 40 108.0 

1:1 24 67.0 20 99.9 20 102.0 40 100.0 

1:3 48 66.0 40 97.2 40 101.0 80 100.4 
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cn 
30-

UJ 
2,4-DCP, 

PHENOL 2-CP 
20-

2,4,6-TCP UJ 

10-

0 20 30 10 

CONCENTRATION IN SOLUTION (mg L"1) 

Fig. 1. Linear distribution isotherm (Di) of Pima clay loam soil for 
four pehnols at soil/solution 1:3. 
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Table 6. Linear distribution coefficient for fourphenols at soil/solution 
1.3. 

@ Soil/Solution <= :3 Di = S/C| 

Compound Di R2 1 Cone.2 

Phenol 
2-CP 
2,4-DCP 
2,4,6-TCP 

0.87 
2.93 
3.61 
0.79 

0.90*** 
°'9C* 
0.97 

12-72 
10-60 
10-60 
20-120 

1 n = 10 

*** . 1% significant level 

2 Concentration range in ug/g 
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for 2,4-DCP 2-CP, phenol, 2,4,6-TCP, respectively. Thus sorption did 

not follow the lipophilic order (See Table 1). 

Discussion 

Methodology Considerations 

To quantify the affinity of phenols to Pima clay loam (or in 

other words, the loss of phenols from solution by sorption to the solid 

surface), one must control other potential losses of phenols. To minimize 

sorption to surfaces other than soil, only glass or teflon came in contact 

with the soil and solution. Other steps were taken to minimize 

degradation losses. Evidence of chemical and biological degradation of 

phenols under aerobic conditions has been shown by Scott et al. (1982), 

Boyd and King (1984), and Baker and Mayfield (1980). Degradation 

decreases with increasing chlorine substitution (Callahan et al., 1979). 

Even though minor degradation is possible under anaerobic conditions 

(Boyd, 1984; Baker and Mayfield, 1980) degradation is much slower than 

aerobic conditions. Therefore a "pseudo anaerobic environment" was 

maintained by boiling the CaCl2 solution, bubbling N2 gas through the 

solution and purging the glass jar with N2 gas. The 45-90 cm depth 

soil was used to insure a decreased microbial activity from that of the 

surface soil. 

Because of the interest in phenols' leaching potential, the 

batch equilibrium isotherm experiment was designed to measure the 

desorption of phenols after a 24h sorption period. As discussed in 

the overview, deviation from the thermodynamic definition of sorption 

may occur where irreversible sorption occurs and "true equilibrium" is 
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not obtained between the two phases. Isaacson and Frink (1984) reported 

desorption of 2-CP and 2,4-DCP to be partially irreversible and desorption 

"equilibrium" taking up to three times as long as adsorption equilibrium. 

For practical reasons, a desorption period of eight hours was chosen. 

Even though a "true equilibrium" was probably not obtained due to the 

irreversible sorption mechanisms, the desorption period defined the 

sorption behavior of the more mobile portion of phenols in soil. The 

shorter desorption period also avoided the potential for extensive 

degradation while allowing for consistent and reproducible results. 

Effect of Ionization 

To describe the distribution of phenols between soil and solution 

requires more than a simple partitioning relationship (S = KpC). 

Ionization, hydrophobicity, hydrogen bonding, and phenolate sorption 

may all influence sorption behavior. Basically, a combination between 

the hydrophobicity of the phenols and their degree of ionization controls 

the relative order of the phenols linear distribution coefficients. 

The Ka values indicate that 2,4-DCP and 2,4,6-TCP are 50% and 100% 

ionized at a pH 7.9, respectively. Because 2,4-DCP and 2,4,6-TCP are 

also the most hydrophobic of the phenols studied, their ability to 

sorb will be the most affected by the degree of ionization. The less 

hydrophobic phenols, 2-CP and phenol, are also weaker organic acids and 

should be less affected by the alkalinity of the soil. 

To determine what factors influence the distribution of phenols 

on the Pima clay loam, one can compare the measured distribution, D-j, 

with a predictive equation based on a single sorption mechanism 
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(hydrophobicity). A comparison of the measured D] was made with the 

predicted distribution coefficient, Dprecj, from a hydrophobic relationship 

developed specifically for chlorophenols (Schellenberg et al., 1984): 

Dpred = (1.05) (Kow)<>-82 ( Q )  (i3) 

(Eq. 13 was derived by combining the lipophilic partition relationship 

for chlorophenols (Eq. 4) and the pH-dependent partition relationship 

(Eq. 12). Refer to Table 7 for the predicted values (Dprecj) and Table 

6 for the measured values (Dl).) The relative order of the measured 

D] was the same as Dpre(j 

(2,4-DCP > 2-CP > 2,4,6-TCP). 

Even though 2,4,6-TCP was the most hydrophobic compound tested, it sorbed 

the least because it was essentially fully ionized. Also, the D-j of 

2,4-DCP with Q = 0.47 was closer to the D] of 2-CP (Q = 0.81) than 

predicted by a neutral partitioning coefficient, Kp. Thus, ionization 

of phenols seem to strongly influence the relative order of the phenol 

distribution coefficients. Once the extent of ionization was accounted 

for, the pH-dependent partition coefficients for the phenols followed 

their hydrophobic order (Eq. 13). 

Yet the magnitude of all the distribution coefficients were 

greater than predicted by the hydrophobic relationship as shown on Table 

7. Due to the pH and the low organic matter content of the soil, the 

pH-dependent partition relationship would predict minimal to nill 

sorption. The increase in sorption could have been caused by phenolates 

participating in sorption and/or specific sorbate/sorbent interaction 

i.e. H-bonding). 
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Table 7. Predicted lipophilic partition and distribution 
coefficients for foc=0.00306 

Compound 1ogKow logKoc 1 Kp 2 Dprprf ^ 

2-CP 2.17 1.80 0.19 0.15 
2,4-DCP 3.23 2.67 1.43 0.67 
2,4,6-TCP 3.72 3.05 3.44 0.07 

1 Calculated from equation 4 

2 Calculated from equation 3 

3 Calculated from equation 12 using Kp from equation 3 
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Phenol ate Sorption 

Because phenol ate sorption would influence 2,4,6-TCP and 2,4-

DCP to a greater extent than 2-CP and phenol, the higher chlorinated 

phenols distribution coefficients were examined and compared with the 

less ionized phenols. Potential phenol ate sorption could explain the 

minimal sorption of 2,4,6-TCP (D-| = 0.79) when the predicted distribution 

expected no sorption (D-j = 0.07). Phenol ate sorption could also account 

for the increase in measured D] for 2,4-DCP over the predicted lipophilic 

distribution. However, phenol ate sorption was thought to be minor or 

insignificant in contributing to the greater measured distribution than 

the predicted lipophilic relationship. The following observations help 

exemplify the lack of phenol ate sorption: 

a). The order of distribution coefficients for the four phenols 

was predicted by the D=KpQ relationship which ignores phenolate sorption. 

Thus, phenolate sorption was not a big enough factor to influence the 

relative distribution order. 

b). When measured D] and Dprecj for the protonated phenols (Phenol 

and 2-CP) were compared with the ionized phenols (2,4,6-TCP and 2,4-

DCP), the differences were greater for the protonated phenols. Because 

neutral phenols can not participate in phenolate sorption, sorption 

mechanisms which favor the neutral phenols seem to control the enhanced 

sorption and not phenolate sorption. 

c). Later experimental evidence showed sorption of 2,4,6-TCP 

was greatly enhanced at lower pH and phenolate sorption was insignificant. 

The work of Schellenberg et al. (1984) supported the assumption 

that phenolate sorption can be ignored at ionic strengths < 10 " and 
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when pH - pKa < 1. Because pH - pKa 2 for 2,4,6-TCP on the Pima clay 

loam, phenol ate sorption could have accounted for the minor sorption 

observed. But, Schellenberg et al. (1984) reported that phenolate 

sorption was important only for the highly chlorinated tetra- and 

pentachlorophenol (not included in our study). Overall, phenolate 

sorption did not contribute significantly to the greater measured sorption 

over the predicted sorption, especially for the highly protonated (i.e. 

neutral) phenols whose increased sorption was contributed by mechanisms 

other than hydrophobic sorption mechanisms. 

Specific Sorption Mechanisms 

A closer look at the predicted distribution coefficients from 

the solubility relationship and the lipophilic relationship should give 

us further insight into the sorbate/sorbent interaction in low-organic 

matter soils. Southworth's et al. (1986) solubility relationship for 

polar and nonpolar organic compounds in low-organic matter soils (Eq. 

6) underestimated the sorption of all phenols even before ionization 

was accounted for (Table 8). (Ionization will further enhance the 

solubility of phenols.) As stated by Southworth et al. (1986), the 

affinity of phenols to water underestimated phenol sorption, because 

the polar compounds can participate in specific sorbate/sorbent 

interactions. Thus, solubility relationships are unable to account for 

sorbate/sorbent interaction of polar phenols in low-organic soils and 

measured Koc are higher than predicted by solubility relationships. 

As for Schellenberg's et al. (1984) lipophilic relationship for 

chlorophenols showed promise for low surface area sediments with foe > 
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Table 8. Predicted distribution coefficients using Southworth and 
Keller's solubility relationship. 

Compound logSol Koc * 

C
M

 

Q
. 

DprpH ^ 

Phenol 4.968 71.58 0.22 0.220 
2-CP 4.447 85.69 0.26 0.210 
2,4-DCP 3.650 112.80 0.34 0.160 
2,4,6-TCP 2.900 146.20 0.45 0.009 

1 Calculated from Eq. 6 

2 Calculated from Eq. 3 

3 Calculated from Eq. 12 
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0.008. Yet, the relationship underestimated the partitioning of 2,4-

DCP and 2-CP even before ionization of phenols was accounted for. The 

higher Doc (Doc = D/foc) than predicted by the lipophilic Koc relationship 

can be explained by the sorption of neutral phenols. As polar organic 

compounds, phenols are capable of participating in hydrogen bonding to 

organic matter and clay surfaces (Boyd, 1982; Saltzman and Yariv, 1975). 

The enhanced sorption of 2,4-DCP, phenol and especially 2-CP over the 

predicted lipophilic sorption supports the concept that Koc is dependent 

on the type of sorbent when foe is low and polar compounds are present. 

Thus, Schwarzenbach and Westall's (1981) assumption that sorption is 

independent of the sorbent at a foe > 0.001 was not valid for the polar 

phenols on the Pima clay loam (foe = 0.00306). Unlike nonpolar compounds, 

investigators have shown variability in Koc amongst natural sorbents 

for phenols and other polar compounds (Schellenberg et al.; Southworth 

and Keller, 1986; Hasset et al., 1981). Southworth et al., found Koc 

of phenols increased at lower organic contents in soil by a factor of 

100. For the Pima clay loam, with a low percent organic matter and 

high clay content (< 0.1 %O.M./%clay Hasset et al., 1981), mineral 

sorption of the polar phenols was probable. Hydrogen bonding of the 

polar phenols to exposed clay surfaces was thought to account for higher 

than predicted sorption at foe = 0.00306 for 2-CP, phenol and to a lesser 

extent 2,4-DCP. 

Polarity 

To comprehend the enhanced sorption of the neutral phenols by 

hydrogen-bonding, the affect of chlorine substitution on the polarity 
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of the phenols and how chlorine substitution might influence hydrogen-

bonding was addressed. The polarizability of neutral phenols contributed 

to the increased sorption of phenols in low-organic matter soils 

(Southworth and Keller, 1986). Luh and Baker (1970) showed electrostatic 

forces controlled sorption of phenol vapor to mineral sites. The 

mechanism of adsorption of protonated phenols involves hydrogen-bonding 

formation between phenolic hydroxyl and electron-rich sites on organic 

matter and clay surfaces. 

The addition of substituents (CI, NO3, CH3) to the phenolic ring 

can affect H-bonding, and hence adsorption, by changing the acidity or 

basicity of the phenolic hydroxide (Boyd, 1982). Boyd (1982) attributed 

the increased sorption of phenol and substituted phenols to the basicity 

of the phenolic hydroxyl acting as a proton acceptor and participating 

in H-bonds. This may hold true for phenol and basic substituents added 

to the phenolic ring, but might not explain the polar bonding of the 

highly electronegative chlorine substituents. Before substitution, 

phenol with a pKa = 10.2 tends to be basic in nature; the phenolic 

hydroxyl acts as a proton acceptor. Thus, phenol is capable of H-bonding 

through a water bridge to exchange cations on clay surfaces or other 

acidic sites on organic matter. 

PROTON ACCEPTOR 

BASIC 
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Adding chlorine, a strong electron withdrawing group, to the 

phenol ring contributes to the acidity of the phenol hydroxyl and tends 

to favor proton donor hydrogen bonds. Saltzman and Yariv (1975) 

demonstrated an acidic phenol (p-nitrophenol) did not have to behave as 

a proton acceptor when forming H-bonds but can also participate in proton 

donor H-bonding: 

The high net negative charge of montmorillonite at the exchange site in 

the inter-layer spacing imparts a "basic" nature to the waters of 

solvation of the exchange cation. Acidic chlorophenols can enter the 

inter-layer space of the clay and form a H-bond by donating a proton 

from the phenolic hydroxyl to water molecules in the hydration shell of 

the highly polarizing exchangeable cation sites (Saltzman and Yariv, 

1975). The mono-chloro substituted phenol's hydroxyl can also 

participate in proton accepting H-bonds. Chlorine has one of its unshared 

pair of electrons in a p-orbital which can be donated to the aromatic ring 

(A1linger et a!., 1971). The electron donating potential given to the 

aromatic ring causes the phenolic hydroxyl to behave as a proton acceptor. 

Thus the amphoteric nature of mono-chloro phenols' hydroxyl allows for 

competition with water as a proton donor or acceptor to all potential 

H-bonding sites. The amphoteric nature of 2-CP could account for its 

enhanced sorption over the other phenols. 

PROTON DONOR 

ACIDIC 
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With increased chlorine substitution, the electronegativity 

should outweigh the positive resonance imparted on the aromatic ring by 

the lone pair of electrons. The acidic behavior of the phenolic hydroxyl 

will dominate and 2,4-DCP will tend to behave as a proton donor when 

protonated. A further increase in chlorine substitution will diminish 

the polarity of chlorophenols in the following manner: 

a). Added chlorine will increase the molecular weight of the 

substituted phenols, enhancing the hydrophobic nature of the compounds. 

b). Increased chlorine substitution could cause stearic hindrance 

at the sorbent/sorbate interaction sites. 

c). Acidity will increase to a point where the highly chlorinated 

phenols are fully ionized at natural pH values and unable to participate 

in polar bonding. 

It was deduced that the amphoteric nature of 2-CP should allow 

for H-bonding to waters of solvation at surface cation exchange sites 

as well as to waters of solvation at inter-layer exchange sites. As 

for phenol, it should participate in proton accepting H-bonding reactions 

with surface cation exchange sites and 2,4-DCP should prefer participating 

in proton donating H-bonding reactions with waters of solvation associated 

with inter-layer cation exchange sites. Thus, the high 2:1 type clay 

(i.e. montmorillonite) content of the Pima clay loam will facilitate the 

sorption of acidic phenols by forming proton donating H-bonds to the 

electron-rich clay interlayers. The high CEC of the soil will also 

facilitate proton accepting H-bond reactions. In conclusion, hydrogen 

bonding was thought to be one of the major mechanisms involved in the 

sorption of neutral phenols in the low organic, high clay content soil. 
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Both proton donating and/or proton accepting hydrogen bonding reactions 

should occur between phenols and the Pima clay loam. 

Conclusion 

1. At concentrations typically found in the environment (<10" 

6M), a 1 inear distribution relationship adequately expressed the sorption 

behavior of phenols. Significant linear distribution coefficients^], 

were obtained from the distribution isotherm (D-| = S/C|_). 

2. The pH-adjusted distribution relationship,D=KpQ, was able 

to predict the order of phenol sorption. Ionization strongly influenced 

the sorption of 2,4,6-TCP and to a lesser extent 2,4-DCP. Thus the pH 

of the soil influenced the order in which the phenols sorbed. 

3. Phenol ate sorption was insignificant when compared with H-

bonding of the neutral phenols. In particular, the amphoteric nature of 

2-CP enhanced its sorption relative to the other phenols studied. 

Thus simple hydrophobic sorption mechanisms underestimated the sorption 

of the neutral phenols in Pima clay loam soil. 

4. Of the phenols in this study, 2,4,6-TCP posed the greatest 

threat to groundwater contamination due to its higher toxicity, slower 

degradation rate, and lower sorption. The sorption of 2,4,6-TCP was low 

because it was essentially fully ionized at the pH of the soil (7.9) 

and phenolate sorption was insignificant. Whether this pertains to 

tetra- and pentachlorophenol is uncertain since phenolate sorption could 

be significant for these phenols. 
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SOLID CONCENTRATION EFFECT 
ON DISTRIBUTION OF PHENOLS 

Introduction 

Use of Variable 
Solid Concentration 

In batch equilibrium experiments variable solid concentrations 

have been used to define the sorption relationship of hydrophobic organic 

compounds. The range of natural sorbent/solution ratios was controlled 

by the system (aquatic versus soil) one wished to study. Other practical 

matters limit the sorbent/solution ratio chosen. In some experiments, 

obtaining detectable concentrations in solution govern the solids concen

tration. While in other experiments, adequate solution is required to 

perform extraction procedures. For these reasons, researchers normally 

choose sorbent/solution ratios to obtain approximately 50% sorption at 

concentrations found in the environment. 

Effect of Solid Concentration 

If the ideal thermodynamic distribution relationship held true, 

the use of variable solid concentrations would not influence the partition 

relationship. The theory states that the distribution between a natural 

sorbent and the aqueous phase should be constant and independent of the 

mass or volume of either phase. Yet, many investigators have shown a 

dependence of the distribution relationship on solids concentration 

(O'Conner and Connoly, 1980; Voice et al., 1983). A decrease in the 

partition coefficient occurrs when solid concentrations increases. 
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Voice et al. (1983) and O'Conner and Connoly (1980) found the inverse 

relationship showed a reasonable degree of linearity when fit to an 

exponential equation. 

O'Conner and Connolly (1980) tested the effect of a wide range 

of sorbent/sorbate combinations on partitioning. They found for a 

specific natural sorbent, compounds with different lipophilicities had 

similar solid concentration dependencies, i.e. the same slope. For a 

specific compound, Kepone, the concentration dependent partitioning 

varied for two different sorbents. The authors concluded that the 

partition coefficient's dependence on the solids concentration was a 

function of the properties of the natural sorbent and was relatively 

independent of the compound. The observations ruled out a specific 

chemical interaction between the sorbent/sorbate at higher solid 

concentrations. Thus, a physical phenomena imparted by the natural 

sorbent to the aqueous phase (i.e. soluble organic and/or inorganic 

compounds) explained the variation in partitioning. 

Properties Impatrted on 
Solution by the Sorbent 

The properties a natural sorbent imparts on the solution are 

reviewed below. A natural soil contains a mineral and organic fraction. 

When a dry soil is added to water and stirred, soluble inorganic salts 

and soluble organics (amino acids, alcohols, sugars) dissolve into 

solution. Also, colloidal material with diameters less than 0.1 um 

having very low settling velocities will be suspended in solution. 

Colloidal material consists of humic and fulvic organic acids as well 

as larger clay-metals-organic complexes. Micro-particles may also be 
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suspended in solution. The micro-particles consist of organic debris 

with low densities and the very fine clays. 

Centrifugation was used to separate the soil and solution phases 

in batch equilibrium experiments. Colloids and dissolved constituents 

are not removed from the aqueous phase during centrifugation. As solid 

concentrations are increased, non-settlable particles (NSP's) also 

increase in the aqueous phase (Gswend and Wu, 1986). Voice et al. (1983) 

showed increased turbidity and total organic carbon with increasing 

solids concentrations. Both Gshwend and Wu (1986) and Voice et al. 

(1983) were able to show dissolved constituents increased by measuring 

total dissolved solids. 

If the NSP's have an affinity for the organic pollutants, they 

are capable of participating in the sorption process and will decrease 

the "apparent" partitioning onto the solid phase. Thus, the increase 

in NSP's with higher solids concentration could explain the partition 

coefficients dependence on solid concentration. In fact, when Gswend 

and Wu (1986) "washed" the natural sorbent to remove NSP's, they obtained 

virtually constant partition coefficients. They concluded if a third 

phase is introduced, NSP's, which are capable of participating in 

sorption, the ideal thermodynamic relationship is upheld at all solid 

concentrations. In defining the partitioning of organic pollutant in a 

soil environment, the NSP's can play a big role in increasing the mobility 

of the pollutant and should be accounted for. 
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Goals 

The goals of this chapter were as follows: 

1. To determine if solid concentration affected the linear 

distribution coefficient for the four phenols. 

2. To define the relationship between the distribution of phenols 

and the solid concentration for the Pima clay loam soil and estimate 

the relationship at field solid concentrations. 

3. To quantify the dissolved organic carbon (DOC) and electrical 

conductivity (EC) imparted on the solution by the Pima clay loam. To 

determine if the fluctuations in DOC and EC correspond with any deviation 

in the distrbution relationship of phenols when solid concentration 

increases. 

Methods and Materials 

Batch Experiment 

The sorbate, sorbent, solution and batch experiment procedures 

were identical to Chapter 1 with the exception of the desorption 

procedure, which was carried out over a range of soil/solution ratios. 

Soil/solution ratios ranging from 1:17 to 1:1.5 (wt/wt) were obtained 

by varying the amount of soil and solution added. From 2.5 to 22 ± 

O.Olg (on a dry weight basis) of the spiked soil was added to 50 ml 

teflon centrifuge tubes. Then 37.5 to 30 ml of solution was added to 

obtain the desired soil/solution ratios. The distribution of phenols 

at each soil/solution was tested over the same range of concentrations 

as in the isotherm experiment (not all concentration levels were 
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performed at each soil/solution ratio). Again all samples were run in 

duplicate and mean values were reported. 

Analysis of Centrifuged Solution 

Soil/solution ratios ranging from 1:7 to 1:1 were obtained by 

adding known amounts of Pima clay loam soil and 0.005 M CaCa2 solution. 

The samples were mixed on a Barrel wrist-action shaker for 4 hours and 

then centrifuged at 10,000 rpm for 20 minutes. The soil solution was 

removed using disposable glass pipettes and analyzed for dissolved organic 

carbon (DOC) and electrical conductivity (EC). 

DOC Analysis 

A Beckman Infrared Total Carbon Analyzer was used to determine 

the total carbon and inorganic carbon concentration of each soil solution. 

The DOC was then determined by difference (total minus inorganic). The 

concentrations were obtained as ug carbon/ml from calibration curves. 

EC Analysis 

The EC was determined at 25 ± 1°C ( measured in umohs + 10 umohs) 

using a YSI conductance meter and a 3403 YSI conductance cell with one 

cm diameter. 

Results 

Linear Distribution Coefficients 
Versus Soil/Solution Ratio 

The linear distribution coefficients^], were determined over a 

10-fold soil/solution ratio range by performing a regression analysis 

for each phenol at each soil/solution ratio. The linear relationship 
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was forced through the origin. Figure 2 shows the distribution isotherms 

for 2-CP at each soil/solution ratio. A regression analysis was 

performed. Table 9 lists D] and the correlation (R^) of the relationship 

to the data points for each of the phenols. A definite trend was evident. 

With increasing soil/solution ratio, the linear distribution coefficients 

decreased for all phenols. An 11, 7, 5 and 9 fold decrease in the linear 

distribution ratio occurred for phenol; 2-CP; 2,4-DCP; and 2,4,6-TCP, 

respectively, over the 10-fold increase in soil/solution ratios. 

Distribution Ratio Dependence 
on Soil/Solution Ratio 

Figure 3 shows the single point distribution, D, of 2,4-DCP and 

2,4,6-TCP versus the soil/solution ratio for all concentrations of the 

four phenols. An inverse relationship exists between D and the 

soil/solution ratios. A steep drop in D occurred from soil/solution 

ratios 1:17 to 1:3 which leveled off at the higher soil/solution ratios. 

When a log transformation was performed, a highly significant linear 

relationship was obtained. Table 10 shows the coefficients for the 

log/log relationship between D and the soil/solution for the four phenols. 

In a regression analysis performed to determine the affect of 

initial concentration of phenols on the log/log relationship, the initial 

concentration was found to be insignificant or of minor importance when 

compared with the overall relationship. 

DOC/EC Fluctuations 

DOC increased by 3 fold over a 7-fold soil/solution increase 

(Fig. 4). A linear regression analysis between DOC and soil/solution 
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CONCENTRATION IN SOLUTION (mg L"1) 

Fig. 2. Linear distribution isotherm of 2-CP as a function of 
soil/solution ratio. 
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Table 9. Linear distribution coefficients for four phenols as a 
function of soil/solution ratio. 

Ratio n Phenols 
Di R2 

2-CP 
Di R2 

2,4-DCP_ 
Di R2 

2,4,6-TCP 
Di R2 

1:15 3 6.72 0.98 12.70 0.99 13.80 0.94 5.16 0.99 
1:7 4 3.42 0.82 8.76 0.93 9.76 0.90 3.26 0.82 
1:3 6 0.87 0.90 2.93 0.98 3.61 0.98 0.79 0.97 
1:2 4 0.62 0.94 2.05 0.99 2.93 0.99 0.62 0.98 
1:1.5 3 0.57 0.97 1.52 0.99 2.19 0.98 0.54 0.93 
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Fig. 3. Single-point distribution (D) of 2,4-dichlorophenol and 2,4,6-
trichlorophenol over a 10 fold soil/solution range. 
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Table 10. Log transformation regression relating the single-point 
distribution coefficient to the increase in the soil/solution 
ratio. 

Coefficients 

Compound a and significance b 

Phenol 
2-CP 
2,4-DCP 
2,4,6-TCP 

-1.18 
-0.977 
-0.808 
-1.12 

0.84*** 
0.92*** 
0.82*** 
0.78*** 

-0.533 
0.026 
0.195 
-0.601 

n = 32 

*** significant to 99.9% 
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Fig. 4. Dissolved organic carbon (DOC) over a 7-fold soil/solution range. 
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ratio was performed. A significant correlation was evident as follows: 

D0C(ug C/ml) = 8.05 soil/solution + 2.88 (R2=0.97***). 

A more moderate increase in EC was obtained over the same 

soil/solution ratio. A 1.2 fold increase from 1.0 to 1.2 mmohs/cm 

occurred as shown on Figure 5. A regression analysis was performed 

showing that: 

EC(umohs/cm) = 176(soil/solution) + 1021 (R2=0.985**). 

Discussion 

Inverse Relationship 

The inverse exponential relationship defining the dependency of 

phenol distribution between soil and solution on solid concentration 

was in agreement with the literature (O'Conners and Connoly, 1980; Voice 

et al., 1983). Even though the affinity to soil varied significantly 

among the four phenols, their similar dependency (slope) on the solid 

concentration supported the hypothesis that a physical property of the 

natural sorbent caused the decrease in distribution coefficient at higher 

solids concentrations. The slope of the exponential relationship was 

averaged for the four phenols to obtain: 

log D = -1.02 log soil/solution + b (15) 

for the Pima clay loam. (The coefficient (b) is dependent on the degree 

of sorption. A higher coefficient means the phenols was sorbed to a 

greater extent.) A minor deviation in slope exists amongst the phenols. 

The least sorbed phenols (phenol and 2,4,6-TCP) have a slightly steeper 

slope compared to the stronger sorbed 2-CP and 2,4-DCP (Table 10). 

Thus, at higher solids concentrations the least sorbed and fully ionized 
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Fig. 5. Electrical conductivity (EC) over a 7-fold soil/solution range. 
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phenols had a stronger affinity to the solution. Though in general,the 

relative distribution order among the phenols did not fluctuate over 

the whole range of solid concentrations (Table 9) and increased solids 

concentrations did not significantly favor the sorption of one phenol 

over the others. 

Extrapolation to Field 
Solid Concentration 

In the development of the distribution coefficients dependency 

on solids concentration, the desire was to determine the actual distribu

tion at field solid concentration ( 2.5 x 106 mg/1). Whether one could 

extrapolate the exponential relationship defined at 5xl04 - 5xl05 mg/1 

was uncertain. Unlike an exponential relationship in which D will 

eventually reach zero (i.e. no sorption at all), O'Conners and Connoly 

found a power equation with a minimum partition coefficient at high 

solid concentration best described the partition dependency of some 

hydrophobic compounds on solid concentration. Before a log transformation 

was performed on the data, the curve-linear shape of D versus 

soil/solution ratio (Fig. 3) seemed to be leveling off (i.e. reaching a 

minimum distribution ratio). However, as was shown earlier, the data 

fit a highly significant linear exponential relationship. When a power 

equation was fit to the data, a less significant relationship occurred. 

Therefore, no minimum distribution coefficient should occur and the 

exponential relationship could be extrapolated to field-solid concentra

tion. Lower distribution values are obtained for the phenols at field 

conditions using the exponential relationship. The low distribution 

values could help explain the greater mobility found in field studies 
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when compared with laboratory sorption studies (where dilute solid concen

trations are used). The greater mobility would be especially relevant 

for a soil with high NSP concentrations. 

Physical Properties of 
Sorbent Effecting Distribution 

The physical properties which the Pima clay loam imparted on 

the solution and how they might influence the sorption of phenols to 

the solid phase was investigated. By centrifuging at 10,000 rpm for 20 

minutes, Stokes Law determined all particles with a diameter > 10"®m 

were removed from solution. Thus, most larger colloidal material, 

including clay-metallic-organic complexes, were removed leaving only 

humic acids, fulvic acids and dissolved solids. DOC will define the 

concentration of humic and fulvic acids as well as other soluble low 

molecular weight organics, while EC will approximate the inorganic dis

solved solids. By quantifying the concentration of DOC and the EC of 

the solution, we can determine how they influence the decrease in sorption 

to the solid phase at higher solids concentration. 

Investigators have shown humic and fulvic acids increased the 

solubility of hydrophobic organics and large alkanes in solution (Boehm 

and Quin, 1973; Choiu et al., 1979), while others found direct sorption 

of hydrophobic organic compounds (i.e. DDT) to DOC (Caron et al., 1985; 

Carter and Suffet, 1982; Choiu et al., 1979). Choiu et al. (1979) showed 

the sorption to DOC was dependent on the hydrophobicity of the compound 

(i.e. DDT > Lindane). Thus, DOC content in soil solution is of great 

importance in defining the mobility of hydrophobic organic compounds. 
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The significant increase in DOC (3-fold) with greater solids concentration 

corresponded with the decrease in the distribution of phenols. 

Even though DOC seemed to play a major role in the increased 

mobility of the four phenols, the increase in DOC was unable to account 

for the total affect of solids concentration on the distribution coeffi

cients. DOC's dependency on solid concentration fit an arithmetic linear 

regression, while the distribution ratio fit an exponential regression. 

Also, the stronger sorbed 2-CP and 2,4-DCP was slightly less affected 

by the increased solid concentration relative to the more mobile phenol 

and 2,4,6-TCP. This is not explained by DOC relationship since at higher 

DOC levels the stronger sorbed compounds should be more effected. An 

interplay of DOC with other factors which cause leveling off of D while 

DOC still increases was needed to explain the exponential relationship 

between the distribution of phenols and solid concentrations. 

Other physical properties imparted on the soil solution may 

also influence the relationship. Because the solution was not filtered, 

minimal amounts of micro-particles (fine clays, organic debris) could 

have been left in solution. Visual inspection of the solution showed 

an increase in turbidity with greater solid concentration. Even though 

most of the color was attributed to humic compounds, some turbidity 

could have been caused by the suspension of micro-particles. The micro-

particles could have participated in sorption at higher soil/solution 

ratios. The ionic strength of the solution also increased with higher 

soil/solution ratios. The increase in ionic strength (cations and 

anions in solution) was measured as EC. How the increase in cations 

and anions influenced sorption was related back to the EC of the solution. 
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The increase in EC with increasing soil/solution ratio was not 

thought to be as significant an affect as increased DOC on the distribu

tion coefficient. But increased ionic strength could have influenced 

the sorption behavior in the following ways: 

1. Increase the "apparent" distribution coefficient at higher 

ionic strength by forcing neutral organics (nonelectrolytes) out of 

solution to a more favorable lipophilic site or by sorbing phenolates 

and cations to the solid surface as ion pairs. Westall et al (1985) 

showed that increasing ionic strength caused phenolate ions to partition 

into the lipophilic phase (octanol) by forming ion pairs with K+ cations. 

2. Decrease sorption to solid surfaces by enhancing the solu

bilities of phenolates (electrolytes) in solution or by sorbing phenolates 

as ion pairs to NSP. 

The enhancement of phenolates in solution by stabilizing the 

anions could possibly explain the greater mobility of 2,4,6-TCP at 

high soil/solution ratios. However, subsequent experiments showed the 

affect of ionic strength on the distribution of phenols was minor to 

insignificant. An interplay of all the physical properties imparted on 

the solution, with DOC playing the major role, probably account for the 

exponential inverse relationship of distribution and solid concentration. 

In choosing soil/solution ratios which allowed approximately 

50% sorption, investigators are decreasing the experimental errors 

associated with minor or extensive sorption. However, when a dilute 

soil/solution ratio was chosen to study the sorption behavior in a soil 

environment; an important component of soils influencing sorption was 
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ignored, the NSP. For this reason NSP's affect on sorption was catego

rized. 

Conclusion 

1. An increase in DOC (3-fold) and to a lesser extent an increase 

in EC (1.2-fold) corresponded with a 7-fold increase in soil/solution 

ratio. The increase in colloidal and dissolved particulates, especially 

humic and fulvic acids, was associated with the enhanced mobility of 

phenols at higher solid concentrations. 

2. An inverse exponential relationship best described phenol 

distribution coefficient dependency on soil/solution ratios (Eq. 15). 

Due to the variability of types and amounts of NSP imparted by different 

soils, the exponential relationship was accurate only for a specific 

soil, the Pima clay loam. Further study is needed to define the com

ponents in soils solution represented by DOC and EC and how they vary 

amongst soils. Also the specific interaction of polar hydrophobic organic 

compound with the components of soil solution must be defined. 

3. The decrease in the sorption of phenols at high solid concen

trations cannot be ignored when applying distribution relationships to 

field conditions. The importance of NSP under field conditions would 

be a factor, especially during the first application of water to a dry 

soil, where the initial pulse of water would be high in DOC and EC. 
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PH AND EC EFFECT ON DISTRIBUTION 

Introduction 

To determine the effect of pH on the sorption behavior, one 

must quantify both the degree of ionization as well as the distribution 

relationship between the soil and solution over a pH range. In the 

introduction of Chapter 1, the dependence of the distribution ratio (D) 

of phenols on the degree of protonation was explained in detail. If 

phenol ate sorption was ignored, the distribution of phenols (Eq. 11) 

could be related to the neutral partition coefficient by the pH-dependent 

partition relationship (Eq. 12). When soil pH - pKa of the phenol < 2, 

phenols are in their fully protonated (i.e. neutral) state; partitioning 

should remain constant and be expressed by Kp. Unlike in Chapter 1 

where 2,4,6-TCP was the least sorbed, sorption should follow the hydro

phobic relationship at a lower pH where the phenols are protonated. 

Sorption would then increase with greater chlorine substitutions (i.e. 

2,4,6-TCP>2,4-DCP>2-CP>phenol). 

The affect of ionic strength has been discussed in the previous 

Chapters. At higher ionic strength solutions, phenolate sorption occurred 

for the acidic chlorophenols (Schel'lenberg et al., 1984). Ionic strength 

has also been shown to affect the solubility and therefore the sorption 

of electrolytes (ions) and non-electrolytes (neutral organics) (Stumm 

and Morgan, 1981). 
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Goals 

The goals of the experiment are as follows: 

1. To determine the effect of lowering the pH of the Pima clay 

loam on the sorption of phenols. 

2. To see if the hydrophobic order of sorption was maintained 

at a pH below or near the pKa of the phenols. 

3. To analyze the data to determine if the pH-dependent parti

tion relationship (Kp = D/Q) holds true when the phenols are neutralized. 

4. To determine the effect of EC on sorption of phenols. 

The goals of the experiment should help in understanding the 

relative effect of ionization, phenolate sorption and ionic strength on 

the distribution of phenols between soil and solution phases. 

Methods and Materials 

Acidification of Soil 

The soil pH of the Pima clay loam was lowered by mixing in a 1 

M H2SO4 solution. The mixed acidic soil was put in a polypropolene 

container and loosely covered. Adequate time (14 and 21 days) was allowed 

for the mineral acid to react with the carbonate fraction of the soil (See 

Table 1). Two lower pH Pima clay loam soils were obtained. The pH of 

the soils were 6.9 and 6.2. For the lower pH soil (pH = 6.2), enough 

acid was added to completely react with the inorganic,carbonate fraction. 

Even though the pH was the only desired property change, the addition 

of a mineral acid caused an increase in EC from 1.1 to 2.6 mmohs/cm at 

25°C and a loss of carbonates (CO2 ) and carbonate cement. 
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Acidity Batch Experiment Procedures 

The procedures used in the pH experiment were the same as in 

Chapter 1 and 2 with the exception of: 

1. The initial moisture content of the acidified soil was greater 

( m 0.25 wt/wt). Therefore less 0.005M CaCl2 solution was added to 

obtain m = 0.35 (wt/wt). 

2. The distribution of phenols was determined at two concentra

tion levels (see Table 11a,b for concentrations) 

3. An average distribution ratio, Dm, was calculated at each 

concentration level and pH by combining and averaging the single-point 

distribution (D) of the phenols at three soil/solution ratios. 

4. The Dm for the two acidic soil samples were compared with 

similar data of non-acidified soil (i.e. the control sample) in Chapter 

2 .  

EC Experiment 

To increase the EC of the solution, saturated CaCl2 solution 

was added to deionized water. The high EC solution obtained had an EC 

=2.6 mmohs/cm @ 25°C. The EC = 2.6 mmohs/cm solution was used instead 

of the 0.005M CaCa2 solution to desorb the phenols from the Pima clay 

loam. (The EC of 2.6 mmhos was used because an EC of 2.6 mmhos was 

obtained when acid was added to the Pima clay loam.) 

EC Batch Experiment Procedures 

An average distribution ratio, Dm, was calculated at one concen

tration level by combining and averaging single point distribution of 

the phenols at three soil/solution ratios (1:3, 1:2, 1:1.5). See 
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Table 11a. The average distribution cofficient (Dm) at lower phenol 
concentration as a function of soil pH. 

pH Compound Cone. Q Dm Range 

7.9 Phenol 24 1.00 0.98 0.47 - 1.77 
7.9 2-CP 20 0.81 2.64 1.56 - 4.28 
7.9 2,4-DCP 20 0.47 2.76 2.16 - 3.38 
7.9 2,4,6-TCP 40 0.02 0.72 0.39 - 1.22 

6.2 Phenol 24 1.00 2.31 1.69 - 3.38 
6.2 2-CP 20 1.00 6.35 5.27 - 7.43 
6.2 2,4-DCP 20 0.98 12.40 9.14 - 18.00 
6.2 2,4,6-TCP 40 0.47 29.00 23.20 - 35.60 

n = 3 

Dm averaged from D at Soil/Solution = 1:3, 1:2 and 1:1.5 
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Table lib. The average distribution coefficient (Dm) at higher phenol 
concentration as a function of soil pH. 

pH Compound Cone. Q Dm Range 

7.9 Phenol 60 1.00 0.50 0.23 - 0.69 
7.9 2-CP 50 0.81 2.05 1.18 - 2.94 
7.9 2,4-DCP 50 0.47 3.03 1.18 - 4.32 
7.9 2,4,6-TCP 100 0.02 0.58 0.35 - 0.85 

6.9 Phenol 60 1.00 0.98 0.39 - 1.77 
6.9 2-CP 50 0.98 3.04 1.62 - 4.62 
6.9 2,4-DCP 50 0.90 4.48 2.57 - 6.77 
6.9 2,4,6-TCP 100 0.15 2.51 1.41 - 3.89 

6.2 Phenol 60 1.00 1.88 1.63 - 2.70 
6.2 2-CP 50 1.00 3.19 2.55 - 3.54 
6.2 2,4-DCP 50 0.98 4.28 3.30 - 4.91 
6.2 2,4,6-TCP 100 0.47 4.23 3.62 - 5.06 

n = 6 

Dm averaged from D at Soil/Solution = 1:3, 1:2 and 1:1.5 
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Table 12 for the concentration of the phenols. Then Dm was compared 

with Dm of a 0.005M CaCl2 solution (EC = 1.1 mmohs/cm) from Chapter 2. 

Results 

pH Experiment Results 

The average distribution ratio, Dm, for the phenols for the 

different pH soils and two initial concentrations are given on Table 11 

a,b along with the degree of protonation. (At pH = 6.2 all phenols were 

essentially protonated with the exception of 2,4,6-TCP where Q is equal 

to 0.47.) At a pH = 6.2 for the lower concentration sample (Table 11a), 

the relative order of Dm amongst the four phenols followed the order of 

hydrophobicity with 

2,4,6-TCP» 2,4-DCP > 2-CP > phenol. 

The values of Dm were 

29 » 12.4 > 6.35 > 2.3. 

When a least significant difference was run comparing D,,, at pH = 7.9 with 

pH = 6.2 all phenols except phenol had significant differences at the 5% 

level. To further analyze which compounds were most affected by ioniza

tion, a change in Dm, A D, where 

AD = DdH = 6.2-DDH = 7.9 
DpH = 7.9 

was determined. 

The results showed 

2,4,6-TCP » 2,4-DCP > 2-CP > phenol 

40.4 » 3.5 > 1.4 > 1.3. 
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Table 12. The average distribution coefficient (Dm) for phenols as a 
function of electrical conductivity. 

EC=1.1 mil 1mhos/cm EC=2.6 mi 11mhos/cm 

Compound ^m Range Dm Range LSD T-^m Dm 
Group 

Phenol 0.48 0.26-0.65 0.93 0.77-1.08 0.34 * 

2-CP 2.04 1.21-2.86 1.92 1.48-2.28 0.57 NS 
2,4-DCP 3.03 1.92-4.16 2.27 1.88-2.63 0.84 NS 
2,4,6-TCP 0.58 0.38-0.75 0.82 0.68-1.06 0.40 NS 

n = 5 

*=5% significance level 
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For the high initial concentration, the Dm at pH = 6.9 and pH = 

6.2 were significantly less than Dm obtained at the lower initial concen

tration (Table lib). Still at the high initial concentration, the 

difference in Dm at pH = 6.2 was significantly higher at the 5% level 

than the Dm of pH = 7.9 for all phenols. However, the relative order 

of Dm at pH = 6.2 for the phenols changed to 

2,4-DCP 2,4,6-TCP > 2-CP > phenol. 

When D was calculated, the order changed to 

2,4,6-TCP > phenol > 2-CP > 2,4-DCP 

6.3 > 2.8 > 0.56 > 0.46. 

The average ditribution coefficient (Dm) was plotted versus Q (Fig. 6) 

to determine the change in Dm with decreasing ionization. The change 

in Dm for the neutral phenols (2-CP and phenol) were greater than 

expected. A regression was run on D vs. Q, and the relative order was 

the same as AD at the high initial concentration (phenol was ignored 

because no ionization occurred making D„/Q equal to infinity). The 

increased sorption of the neutral forms was not explained by Kp = D/Q 

when pH-pKa <2. This was contrary to the expected partition relationship 

of 'neutral' hydrophobic organic compounds. 

EC Experiment Results 

Only minor fluctuations in Dm occurred for all phenols with an 

increase in ionic strength (Table 12). An increase in Dm with increased 

EC occurred for phenol and 2,4,6-TCP of 0.4 and 0.2, respectively. 

While for 2-CP and 2,4-DCP, Dm decreased by 0.1 and 0.7, respectively. 

When an LSD test was run at the 5% significance level, only phenol showed 
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Fig. 6. Average distribution coefficient (Dm) of the four phenols versus 
the degree of protonation (Q). 
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a significant increase. In general, the effect of EC was insignificant 

at the ionic strength tested. Thus the increase in EC associated with 

the lowering of the soil's pH could only have affected phenol's distribu

tion significantly. 

Discussion 

Effect of Lowering Soil pH 

Due to the differences in the phenolic compounds' acidity, the 

affect of ionization on sorption can be determined by lowering the 

Pima clay loams' pH. The lowering of the soil's pH affected the sorption 

of 2,4,6-TCP the most. Trichlorophenol (2,4,6-TCP) went from the least 

sorbed phenol at pH = 7.9 to the most sorbed phenol at pH = 6.2. The 

change in sorption order confirmed that sorption of phenols was greatly 

affected by the extent of ionization. At pH = 6.2, the phenols were 

essentially fully protonated, and the phenols sorbed in their lipophilic 

order (i.e. increased sorption occurred with greater chlorine substitu

tion). Thus the hydrophobic relationship was upheld when the phenols 

were essentially fully protonated (i.e. Q = 1 and Kp = D). 

The change in the relative order of the phenols distribution at 

the higher concentration was not expected and deviated slightly from 

the Kp=D/Q relationship. A non-linear distribution relationship was 

evident with the noticeable decrease in Dm at higher phenol concentra

tions. The non-linear isotherm along with the change in the order of 

D at the higher phenol concentration needed to be explained. Potential 

competitive sorption amongst the phenols at the higher concentration 

was thought to explain the deviation. Boyd (1982) found multi-component 
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sorption experiments decreased sorption of individual phenols as much 

as 30%. Boyd studied the effect among different phenol classes. Where 

as Schellenberg (1984), who tested a multi-component system for only 

the chlorophenol class of phenols, found no interference among the indivi

dual chlorophenols. For the isotherm experiment in Chapter 1 and the 

soil/solution experiment in Chapter 2, no noticeable fluctuations in D 

or in the order of the distribution relationship amongst the phenols 

were evident with increasing phenol concentration. Yet for the acidified 

soil samples, competitive effects at the high concentrations were pos

sible. The significant increase in sorption of 2,4,6-TCP seemed to 

hinder the sorption of 2,4-DCP (and 2,4,6-TCP itself) at the higher 

concentrations. Because of the soil's low organic matter content, hydro

phobic sites (i.e. O.M. sorption sites) could be limited. This could 

explain the decrease in the sorption of 2,4-DCP and 2,4,6-TCP relative 

to the polar 2-CP and phenol at the high phenol concentration. Sorption 

of 2-CP and phenol to H-bonding sites possibly were less affected than 

2,4-DCP by the enhanced sorption of 2,4,6-TCP. 

Enhanced Sorption of Neutral Phenols 

Increased sorption of the fully protonated phenols (2-CP and 

phenol) between pH = 6.9 and pH = 6.2 were not explained by the Kp = D/Q 

relationship. Once the weak organic acids are fully protonated (i.e. Q 

= 1), Dm should remain constant. Yet, both 2-CP and phenol had signi

ficant increases in Dm as fully protonated compounds (see Fig. 6). The 

increased sorption of the fully protonated phenols could have increased 
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at the lower pH for the neutral phenols by increasing the acidic-exchange 

sites on clay surfaces, creating more potential H-bonding sites. 

Physical and Chemical 
Changes by Acidifying Soil 

Finally, the physical change in the sorbent and solution proper

ties by lowering the pH cannot be ignored. Ideally, one would hope to 

lower the pH of the Pima clay loam while maintaining the other properties 

for the sorbent constant at each pH. But by adding a mineral acid to 

the soil, other sorbent properties were influenced. The reaction of 

the mineral acid with carbonates could potentially increase the surface 

area of the soil by destroying carbonate cement binding soil particles 

together. The increase in surface area could explain the enhanced adsorp

tion of all phenols, especially the neutral phenols (2-CP and phenol). 

Also the addition of the mineral acid caused the ionic strength of the 

solution to increase form EC = 1.1 to EC = 2.6 mmohs/cm. Eventhough 

the EC increased only 1.5 mmhos/cm (i.e. a minor increase in the ionic 

strength of the solution), the increase in ionic strength was of concern 

because increased ionic strength had been shown to enhance the sorption 

of phenolates for the more acidic chlorophenols (Schellenberg et al., 

1984). Yet, when the effect of EC was tested (at pH = 7.9) for the 

four phenols, the only compounds to show a significant increase was 

phenol. As a fully protonated compound, phenol was incapable of partici

pating in phenol ate sorption, and ionic strength must have influenced 

its sorption in another manner. Even though ionized 2,4,6-TCP had a 

minor increase in sorption at higher ionic strength, the affect of EC 

on phenolate sorption was insignificant and did not alter the relative 
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phenol distribution order of the four phenols under natural soil condi

tions. Thus, the effect of pH (i.e. ionization) was highly significant 

compared to the effect of ionic strength and phenol ate sorption for 

chlorophenols (with less than 4 chlorines substituted to the ring). 

Conclusions 

As expected, the ionization of 2,4,6-TCP at the normal pH of 

the Pima clay loam was the main mechanism controlling its lack of sorp

tion. When the compounds were neutralized by lowering the pH to 6.2, 

the phenols sorbed in the order of hydrophobicity (when competitive 

affects were ignored). The minor increase in ionic strength did not 

significantly enhance the sorption of phenolates to the sorbent. Thus, 

ionized phenols did not participate significantly in sorption even at 

the higher EC (the minor increase in 2,4,6-TCP sorption was insignificant 

at the 5% level) and can be ignored at the ionic strength tested. How

ever, the lack of sorption of phenolates cannot be extrapolated to the 

tetra- and pentachlorophenol, which have been shown by Schellenberg et 

al. (1984) to significantly participate in sorption. The enhanced sorp

tion of the protonated phenols (2-CP and phenol) between the pH = 6.9 

and pH = 6.2 was not explained by the pH-dependent partitioning relation

ship (Kp = D/Q). The increase in sorption of 2-CP and phenol was related 

to the enhancement of hydrogen bonding on the acidic soil. Competitive 

effects cannot be ignored on low organic matter soils for high phenol 

concentrations. The hydrophobic chlorophenols (2,4,6-TCP and 2,4-DCP) 

seemed most affected by competitive effects on the acidified soil. 
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SLUDGE ADDITION TO SOIL: EFFECT 
ON SORPTION OF PHENOLS 

Introduction 

Sludge Amended Soils 

In 1982, Municipalities throughout the U.S. generated some six 

million dry-tons of sewage sludge daily (Naylor and Loehr, 1982). This 

massive production of sewage sludge requires a safe means of utilizing 

or disposing of the sludge. Because of the plant nutrients (N, P, K), 

micronutrients and organic matter associated with sludge, the use of 

sludge as a soil amendment is a common practice in the U.S. (Conner 

1982). However, detrimental aspects are also associated with sludge. 

Trace to toxic levels of some of the one hundred and twenty nine EPA 

priority pollutants were detected in municipal sewage sludge (Naylord, 

Loehr, 1982; Connor, 1984; Demirjiam et al., 1983). Federal guidelines 

for the management of sludge amended soils have been drawn up to prevent 

the overloading of toxic metals and priority organic pollutants (Naylor 

and Loehr, 1982). Usually, heavy metals regulate the amount of sludge 

applied to land. Yet toxic organic pollutants should also be of concern. 

Phenol and chlorophenols fit into the category of potential toxic organic 

pollutants. Thus the fate of phenols in sludge amended soils was of 

interest. 

Prevalence of Phenols in Sludge 

As stated before, the prevalence of phenols in the environment 

and their potential toxicity were the reason for studying their sorption 
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behavior. Phenol was detected in 11 out of 20 municipal sewage sludges 

in the U.S. analyzed for organic pollutants (Naylor and Loehr, 1982). 

The median phenol concentration was 123 ug/1 wet. Phenol as well as the 

chlorophenols 2-CP; 2,4-DCP; and 2,4,6-TCP were detected in the Michigan 

Muskegon County Wastewater Management system at concentrations > 2ug/l 

(Demirjiam et al., 1983). The Tucson Ina Road Wastewater Treatment 

facility (where sludge used in experiment was obtained) had concentration 

levels of 0.30 2-CP, 0.52 for 2,4,6-TCP and 11.0 for pentachlorophenol 

(ug/ml dry weight basis). Even higher concentrations of phenols in 

sludge would be expected from wastewaters of paper-mills and wood preserv

ing plants. Thus concentrations of phenols, even though low at times 

occur, in a wide range of municipal sludges (Keith, 1981). When sludge 

tainted with phenols is applied to alkaline low organic matter soils, 

the potential mobility of phenols is of concern. Thus, the sorption 

behavior of phenols on sludge amended soils needs to be studied. 

Properties of Sludge 

Physical and chemical properties of sludge may both inhibit as 

wel/1 as contribute to the mobility of priority pollutants in sludge 

amended soils. The majority of sludge consists of water with the solids 

fraction accounting for only 1 to 4% of the weight. Of the solid frac

tion, the predominant component is organic matter. The enhanced sorption 

of hydrophobic organics to sludge solids has been shown to occur by 

Schwatzenbach and Westall (1981), and the sorption of these non-polar 

organic compounds to activated sludge fit a hydrophobic relationship 

(Koc) relating the greater Kp to the foe of the sludge solids. 
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Other properties imparted on the soil by sludge addition which 

might influence sorption are increased ionic strength and DOC. The DOC 

of the Ina Road sludge was determined to be approximately 300 ppm. 

With DOC contributing to the affinity of hydrophobic organic pollutants 

to water, the potential mobility is enhanced. Artiola (1982) showed 

high phenols concentrations in landfill leachates were associated with 

greater DOC contents. Thus DOC must be monitored to determine the 

influence of DOC on phenol mobility. The effect of ionic strength on 

phenol sorption is not as well understood as the effect of DOC. Westal 

et al. (1985) and Schellenberg et al. (1984) showed increased ionic 

strength contributed to the sorption of phenol ate ions. Yet, at the 

ionic strength imparted on the soil by sludge addition, ionic strength 

was not expected to play much of a role in phenol sorption in sludge 

amended soils (Yiannakakis and Minnich, 1988). 

Goals 

The mixing of sludge with soil causes at least a 100-fold dilution 

of the organic pollutants concentration. The dilution in organic concen

trations decreases the potential for reaching toxic levels in land applied 

sludge. Due to experimental detection limits, the dilution also makes 

the monitoring of priority pollutants movement in field studies futile. 

Thus, a batch equilibrium experiment was developed to determine the 

effect of adding dried sludge to the Pima clay loam on phenol sorption. 

By quantifying the increase in foe in the soil when sludge solids are 

added, one can determine if the phenol distribution between sludge amended 

soil and solution fits a lipophilic relationship. Also the quantification 
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of DOC and EC of sludge amended soil solution should increase our know

ledge of phenol sorption behavior in soils amended with sludge. 

Method and Materials 

Dry Sludge 

An anaerobic sewage sludge obtained from the Ina Road Municipal 

Wastewater Treatment Plant was used for the experiment. Basic properties 

of the sludge are given below. 

%solids %0.M. dH EC TOC DOC 

(105°C) (550°C) (mmohs) (ug C/ml) (ug C/ml) 

1.3-1.4 64-73 7.7 6.8-7.3 980-1100 260-270 

The sludge was frozen until dried. The sludge liquids were evaporated 

for 4 days by placing the sludge in a flat enameled pan under a hood. 

The sludge was dried further in an oven at 50°C overnight. (The 50°C 

temperature was used to remove all standing water while not destroying 

O.M.) Then the dried sludge was ground in a mortar and pestle and passed 

through a 1mm sieve. 

Sludge Batch Experiment 

Two levels of sludge amended soil were obtained by adding 5.4g 

and 12.5g of dried sludge to approximately 600g of Pima clay loam. The 

addition of dry sludge caused an increase in foe of 0.0023 and 0.0057 

as Carbon (determined by the wet combustion method). On Table 13 are 

given the organic contents of the dry sludge solids, the Pima clay loam 

and the two sludge amended soils. The foe will be used to differentiate 

between the soils. 
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Table 13. Organic properties of of dry sludge, the control soil and 
sludge amended soils. 

Soil Type foe* % O.M.1 PH 2 

Pima Clay 
Loam 

0.00306 0.6 7.9 

Dry Sludge 
Solids 

0.33 66 7.7 

Sludge + 
Soil 

(low rate) 
0.00532 1.1 7.8-7.9 

Sludge + 
Soil 

(high rate) 
0.00877 1.8 7.7-7.8 

* foe determined by wet combustion method 

1 % O.M. is approximately 2*(foc)*100% 

2 pH determined on 1:3 to 1:1.5 soil/solution ratio 
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Batch experiment procedures were the same as the past experiments. 

An average distribution ratio, Dm, for the two amended soils (foe = 

0.00532 and foe = 0.00877) was obtained by averaging the single-point 

distribution ratio at two phenol concentrations over three soil solution 

ratios (n = 6). Then Dm was compared with similar data for the non-amended 

Pima clay loam. 

DOC and EC Analysis 

DOC and EC determination on the centrifuged soil solution was 

conducted in the same manner as in Chapter 2. The sludge amended soil 

solutions were tested at four soil solution ratios and compared with 

the DOC and EC data for the Pima clay loam obtained in Chapter 2. 

Results 

On Table 14 are given Dm, the range of D and the concentrations 

of the four phenols for the control soil (foe = 0.00306) and the two 

sludge amended soils (foe = 0.00532 and foe = 0.00877). Unlike the pH 

experiment in Chapter 3, D was not significantly influenced by the initial 

concentration; thus Dm was averaged over the whole concentration range. 

Also the dependence of the distribution ratio on the solids concentration 

was minimal compared to the dependence of the non-amended soil (i.e. 

the decrease in D with increasing soil solution was less or nonexistent 

for the sludge amended soils). 

When comparing Dm of the sludge amended soils with the Pima 

clay loam, the effect of increasing sludge solids on the phenols varied. 

From Figure 7 in which Dm was plotted versus foe, 2-CP and Phenol 

decreased with increasing foe while 2,4-DCP and 2,4,6-TCP increased. A 
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Table 14. Average distribution coefficient (D^ for phenols as a function 
of sludge addition to soil (expressed as the fraction organic 
(foe)). 

Compound Cone. 
foc=0.00306 
Dm Range 

foc=0.00532 
Dm Range 

foc=0.00877 
Dm Range 

Phenol 
2-CP 
2,4-DCP 
2,4,6-TCP 

24&60 
20&50 
20&50 
20%50 

0.73 0.26-1.77 
2.34 1.21-4.28 
2.89 1.92-4.14 
0.65 0.38-1.22 

0.58 0.40-1.01 
1.43 1.05-1.88 
2.63 2.12-3.16 
0.68 0.47-0.92 

0.54 0.23-0.76 
1.30 1.08-1.53 
4.83 3.75-7.25 
1.15 0.78-2.08 
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LSD at the 5% level was run and 2-CP's decrease in Dm, 2,4-DCP's and 

2,4,6-TCP's increase in Dm were significant between the high sludge 

rate and the non-amended soil. Even though 2,4,6-TCP's increase in Dm 

was minor compared to 2,4-DCP's; with the decrease in 2-CP, the relative 

order of Dm changed for sludge amended soils to 2,4-DCP > 2-CP 2,4,6-

TCP > Phenol. It should be noted that the pH of the soil decreased 

slightly from pH = 7.9 to pH = 7.7 (in the extereme case a pH = 7.7 was 

obtained but the range was between 7.9 and 7.7) when sludge solids 

were added to the soil, but was considered insignificant in effecting 

the sorption behavior of the phenols. 

To determine whether the change in Dm with increasing foe fit 

a hydrophobic (Koc) relationship (i.e. no change in Koc with foe), logDoc 

= log(D/foc) was plotted versus foe (see Fig. 8). LogDoc decreased for 

all phenols with increasing foe with the exception of 2,4-DCP and 2,4,6-

TCP which leveled off between the sludge amended soils. 

A substantial increase in DOC occurred in the sludge amended 

soils across all soil/solution ratios (see Fig. 9). DOC reached a high 

of 330 + 10 ug C/ml at foe = 0.00877 and s/s = 1:1. Also on Figure 9, 

one can compare the linear regression equation of DOC versus s/s for 

each soil. The linear-regression slope of the high sludge rate was 

some 40 times that of the Pima clay loam soil. 

A more moderate 3-fold increase in the slope of the linear 

regression was obtained for EC versus s/s (see Fig. 10). The highest 

EC value obtained was 1.7 mmohs/cm at foe = 0.00877 and s/s = 1:1. The 

increase in EC between the two sludge amended soils was minimal and the 

relationships were similar. 
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Fig. 7. Average distribution coefficient of (Dm) of the four phenols as 
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Fig. 9. Dissolved organic carbon (DOC) for the sludge amended soils and 
control soil over a 7-fold soil solution ratio range. 



1.8-1 

foe = 0.00877 

foe = 0.00306 

h-
O 
UJ 
_J 
UJ 

0B-

* '  

0"J 1 1 1 1 1 
0 0.2 0.4 0.6 0.8 1.0 

SOIL SOLUTION RATIO (wt/wt) 

10. Electrical conductivity (EC) for the sludge amended soils 
control soil over a 7-fold soil/solution ratio range. 



89 

Discussion 

Effect of Increased Sludge 
O.M. on Phenol Sorption 

The addition of sludge solids to the low organic matter Pima 

clay loam caused a 3-fold increase in the foe content. The increase in 

organic matter was expected to substantially enhance the hydrophobic 

sorption of the chlorophenols. Yet only 2,4-DCP's Dm substantially 

increased while 2,4,6-TCP increase in Dm was less and 2-CP's Cfo decreased 

with increasing foe. A lack of increased sorption was further exemplified 

when logDoc was plotted versus foe. If the phenols distributions fit a 

hydrophobic relationship, logDoc would be constant over the foe range. 

Yet logDoc decreased for all phenols between the non-amended and sludge 

amended soils. Either the phenols had less of an affinity to the sludge 

organic matter than the natural O.M. or the additional O.M. restricted 

sorption by mineral sites. For the more hydrophobic phenols, 2,4-DCP 

and 2,4,6-TCP, logDoc leveled off amongst the sludge amended soils. 

Thus a constant Doc (in other words a hydrophobic relationship) for the 

more hydrophobic phenols was maintained amongst the sludge amended soils 

but was not maintained between the sludge amended soils and the Pima 

clay loam (control soil). 

In hopes of explaining the lack of enhanced sorption at higher 

foe levels for the sludge amended soils, one must first look at the 

preparation of the sludge amended soils. The sludge was dried and crushed 

to allow better mixing and to concentrate the sludge O.M. (the component 

of sludge thought to influence sorption the most). Yet drying the sludge 

could have altered the O.M. Isaacson and Frink (1984) showed that oven-
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drying soil samples at 110°C reduced their sorption capacity. They 

postulated that drying expelled loosely held water causing shrinkage of 

the O.M. Under such conditions, hydrogen bonds could form between 

suitable sites on the organic macromolecules without the intermediary 

water molecules, thus making the dried O.M. sorption more restrictive 

(affecting the sorption of phenols by hydrogen bonding mechanisms and 

also simple-hydrophobic mechanisms). Therefore, the drying of sludge at 

50°C could have altered the O.M. restricting sorption of the hydrophobic 

phenols and especially the neutral phenols (2-CP and Phenol). 

DOC Effect on Sorption 

Secondly, one can not ignore the other properties imparted by 

sludge which might influence sorption. The increase in DOC with sludge 

additions was substantial and could have enhanced the mobility of phenols. 

The same argument was used in Chapter 2 to explain the decrease in sorp

tion with increasing solids concentration. As explained earlier, DOC 

can increase the affinity of hydrophobic organics to the aqueous phase 

by direct adsorption to humic colloids or by increasing the compounds' 

solubility. Thus the enhanced mobility of phenols caused by humic and 

fulvic acids would be of concern in sludge amended soils where DOC 

300 ug C/ml. 

However, unlike the non-amended soil, the increase in DOC at 

high soil/solution ratios of sludge amended soils did not correspond to 

a decrease in sorption. A regression analysis of the affects of s/s 

ratio on the distribution coefficient of phenols showed sludge amended 

soils were not significantly affected by s/s ratio. The effect of s/s 
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ratio on D might not have been so evident at high s/s ratio due to the 

potential increase in sorption to sludge O.M. offsetting the effect of 

DOC. None the less, the high DOC content in sludge amended soil can 

not be ignored when interpreting the sorption behavior of phenols. 

EC Effect on Sorption 

The effect of ionic strength on the sorption of phenols was 

determined to be minor or insignificant at an EC = 2.6 mmohs/cm (Chapter 

3). Because the maximum EC obtained in the sludge amended soils was 

1.7 mmohs/cm, the EC effect on phenol sorption for the sludge amended 

soils was also insignificant. 

Significance of Ionization 

Finally, the significance of ionization on the phenols capable 

of participating in hydrophobic sorption cannot be neglected. The more 

hydrophobic phenols' (2,4-DCP and 2,4,6-TCP) sorption were expected to 

be influenced the most by increased O.M.. Yet these weak organic acids 

are also affected greatest by ionization. If phenol ate ions do not 

participate in the sorption of phenols to ogranic matter sites, at the 

pH of the Pima clay loam only 2% of 2,4,6-TCP and 47% of 2,4-DCP are 

capable of participating in hydrophobic sorption (expressed as Doc). 

The ionization of the hydrophobic phenols could account for the less 

than expected hydrophobic sorption. Ionization most probably accounted 

for the enhancement of 2,4-DCP sorption relative to 2,4,6-TCP in the 

higher foe soil (i.e. high sludge rate). 

As stated before for the linear isotherm distribution coefficient 

experiment, many factors determine the sorption behavior of phenols in 
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an alkaline soil environment. The same holds true for the sludge amended 

alkaline soils. One major difference of the sludge amended soil was 

that hydrophobic sorption mechanisms would dominate, restricting hydrogen 

bonding to mineral sites. Possibly the decrease in sorption of the 

polar 2-CP and Phenol on sludge amended soils was caused by the covering 

of mineral sites capable of participating in hydrogen-bonding sorption. 

Thus the greater logDoc obtained in the Pima clay loam with respect to 

the sludge amended soils could have been a result of specific sorbate-

sorbent interaction not found in the sludge amended soils for all the 

phenols. 

Conclusions 

Even though the sorptions of 2,4-DCP and 2,4,6-TCP were slightly 

enhanced by sludge addition, overall the sorption of phenols was less 

than expected with a 3-fold increase in foe. The deviation from the 

hydrophobic relationship was exemplified by the decrease in logDoc with 

increasing foe. This was especially true for the more polar phenols 

whose sorption decreased with increasing sludge addition. The DOC in 

the sludge amended soil was substantially higher (300 ug C/ml) than in 

the control soil (the Pima clay loam). Ionization of the hydrophobic 

phenols, high DOC amounts in the sludge amended soils, and a decrease 

in hydrogen bonding to mineral sites were given as reasons for the lack 

of enhanced sorption in the higher organic matter, sludge-amended soils. 

Yet the alteration of O.M. by drying the sludge cannot be ignored as a 

potential factor influencing the sorption of phenols to sludge amended 

soils in the experiment. 
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OVERALL SUMMARY 

1. Batch equilibrium experiments were run to define the sorption 

behavior of phenol and 3 chlorophenols on an alkaline, low organic matter 

content and high clay content soil. A linear distribution isotherm 

adequately described the distribution of phenols between the Pima clay 

loam soil and the solution at concentrations < 10"^M. The linear 

distribution coefficients were 3.61, 2.93, 0.87, 0.79 for 2,4-DCP, 2-

CP, phenol, and 2,4,6-TCP, respectively. 

2. The pH of the soil (7.9) was one of the major soil properties 

controlling the relative distribution order of the phenols. Because 

The degree of ionization increased with greater chlorine substitution, 

the sorption of 2,4,6-TCP was the most affected by the pH of the soil. 

Overall, the relative sorption order of phenols was explained by the 

hydrophobicity and acidity of the compound. Once the extent of ionization 

was accounted for in the pH-adjusted partition relationship (Kp = D/Q), 

the relative distribution order of phenols was predicted. The effect 

of soil pH was further confirmed by lowering the pH of the soil to 6.2. 

At this pH the phenols are essentially fully protonated and sorbed in 

their hydrophobic order (2,4,6-TCP > 2,4-DCP > 2-CP > phenol). 

3. As expected for a low organic matter soil (foe = 0.00306), 

sorption of phenols was not extensive; but the sorption of the protonated 

phenols (2-CP and phenol) were greater than predicted by. a simple-

hydrophobic relationship. The polarity of the protonated phenols played 

a major role in the enhanced sorption. The sorption of phenols as polar 



94 

molecules to hydrogen bonding sites was strongly supported in the 

literature (Boyd, 1982; Saltzman and Yariv, 1975: Southworth et al., 

1986; Issacson and Frink, 1982). Thus, hydrogen bonding of protonated 

2-CP, phenol and to a minor 2,4-DCP to exposed mineral sites (i.e., 

clays and iron oxides) accounted for the enhanced sorption in the low 

organic matter soil. It was postulated that 2-CP can participate in 

proton donating hydrogen bonding reactions as well as proton accepting 

hydrogen bonding reactions due to the electron withdrawing capacity of 

the chlorine molecule. 

4. In the electrical conductivity range studied, phenolate 

sorption (i.e. the sorption of ionized phenols) was not enhanced by the 

increase in ionic strength. With respect to the other factors involved 

in the sorption of phenols to soil, phenolate sorption was insignificant 

and did not effect the predicted distribution order predicted by the 

pH-dependent partition relationship (which ignored phenolate sorption). 

5. To obtain a better understanding of the sorption behavior 

of phenols under field conditions, the effect of soil/solution ratio on 

the distribution of phenols was tested over a 10-fold soil/solution 

ratio range. An inverse exponential relationship best described phenol 

distribution coefficient dependency on the soil/solution ratio (Eq. 

15). The decrease in sorption of the phenols with increasing solid 

concentration suggests that the sorption of phenols at field solid 

concentrations will be minimal. 

6. To explain what properties of the soil solution might 

influence the decrease in sorption at high solid concentrations, dissolved 

organic carbon and electrical conductivity of the solution was measured 
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over a 7-fold soil/solution ratio range. A significant increase in 

dissolved organic carbon (3-fold) and a less significant" increase in 

electrical conductivity (1.2-fold) occurred with increasing soil/solution 

ratio. The increase in the dissolved organic carbon content (humic 

acids, fulvic acids and soluble low molecular weight organics) was 

associated with the enhanced mobility of the phenols at high solids 

concentrations. The literature strongly supports the lack of sorption 

of hydrophobic organic compounds to natural sorbents in the presence of 

high dissolved organic carbon concentrations (Chiou et al., 1979; Gschwend 

and Wu, 1985; Voice et al., 1983; and O'Conner and Connoly, 1980). 

7. Due to the variability of the components in soil solutions 

(i.e. dissolved organics .colloidal material, and dissolved inorganic 

solids), one can not extrapolate the partition dependency oh solid 

concentrations developed on the Pima clay loam soil (Eq. 15) to other 

soils. Yet, Equation 15 shows one must account for the effect of solid 

concentration when defining the distribution relationship at field 

conditions. 

8. In hopes of understanding how amending the Pima clay loam 

soil with sewage sludge would effect the sorption of phenols, dry sludge 

solids were added to the soil. The addition of dry sludge solids caused 

the fraction organic carbon content of the soil to increase 3-fold. A 

slight enhancement of the sorption of 2,4-DCP and to a lesser extent 

2,4,6-TCP occurred. However, overall the sorption of the phenols was 

not enhanced by amending the soil with sludge. In fact, 2-CP's sorption 

decreased with increasing sludge addition. Relatively the sorption of 

phenols decreased with respect to the expected hydrophobic sorption at 
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higher fraction organic carbon (as expressed by Doc = D/foc). To explain 

why sorption was not enhanced at higher fraction organic carbon contents 

in the sludge amended soils, the following reasons are given: 

a). Alteration of the sludge organic matter occurred when drying 

the sludge restricting the sorption of phenols. 

b). A high dissolved organic carbon content was measured (300 

ug C/ml) in the sludge amended soil. As explained before, dissolved 

organic carbon has been shown to enhance the partitioning of phenols 

into solution. 

c). Ionization of the more hydrophobic phenols and covering of 

the mineral sites capable of forming hydrogen bonds with polar phenols 

by organic matter could also have played a part in the lack of sorption 

at the higher organic carbon content. 

Further studies should be performed to define the components of 

dissolved organic carbon (i.e. humic acid, fulvic acid and soluble low 

molecular weight organic quantities in soil solutions) and how each 

component influences the sorption behavior of organic compounds 

(hydrophobic as well as polar and ionizable organic compounds). The 

measurement of chlorophenols' and other substituted phenols' polarity 

and how polarity influences the bonding of phenols to a variety of mineral 

and organic matter sites should also be addressed. Finally, the problem 

of drying soils and organic matter (i.e sludge organic matter) on the 

sorption behavior of organic pollutants to natural sorbents should be 

studied. 

One of the goals of the study was to apply the knowledge obtained 

in this study to groundwater quality in a southwestern environment. Of 
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the phenols studied, 2,4,6-TCP poses the greatest threat to groundwater 

quality in alkaline soils due to its higher toxicity, slower degradation, 

and lower sorption. The sorption of 2,4,6-TCP was low because it was 

fully ionized at the pH of the soil (7.9) decreasing its sorption 

significantly. Whether the lack of sorption in alkaline soils applies 

to the higher chlorinated tetra- and pentachlorophenols (which have 

been shown to sorb as ionized species to organic matter by Schellenberg 

et al. (1984)) should be addressed in the future. 

In agricultural plots, dissolved organic carbon levels are 

substantial during certain growing periods. Because dissolved organic 

carbon has been associated with enhanced mobility of organic pollutants, 

dissolved organic carbon levels should be monitored through out the 

soil profile. 
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