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ABSTRACT

The inappropriate release of domestic and industrial wastes in Brazil is a severe 

environmental problem. Approximately three quarters of the domestic trash in Brazil is 

discarded without any attempt at mitigating the environmental hazards.

In Brasilia, the capital of Brazil, the city’s landfill has been in operation for the last 35 

years without barriers for subsurface containment of leachate. Recently, studies by the 

University of Brasilia have detected concentrations of Cd and Pb above the maximum 

contamination level (MCL) allowable for drinking water in leachate directly beneath the 

landfill. However, monitoring wells downgradient of the landfill have produced only low 

levels of these toxic metals, leading to the speculation that leachate-saturated soils have a 

high capacity for sorbing toxic trace metals.

For this study, a soil profile inside the Brasilia National Park, which borders the 

landfill, was characterized macroscopically in the field and sampled. Ten soil horizons 

were chemically and physically characterized and, of these, three were chosen for more 

detail characterization and description using electron microscopy.

A series of sorption edges and isotherms for Cu2+ sorption was made before and after 

partial oxidation of soil natural organic matter (NOM). The results show a relatively 

small contribution of NOM to the adsorption of copper by soil. This result is in 

agreement with other studies of acidic soils. However, the apparently limited role of 

NOM in sequestering metals in soils is not generally true. The lack of significance of 

NOM in copper sorption in this system is hypothesized to be caused by the abundance of 

iron and aluminum in the system. It is concluded that, in acid soils, iron and aluminum 

effectively compete against copper for strong metal binding sites on NOM.

Two sets of sorption edges for copper on soil samples from the Ai horizon, one after 

NOM extraction, and the other after different types of additional NOM had been sorbed 

to the soil, support this hypotheses. The first set confirms the minor role that NOM plays 

in the sorption of copper in this soil and the second strongly suggests that the Fe and Al 

are competing with copper for the same binding sites.
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Chapter 1 

I n t r o d u c t i o n

Research background
The study of the adsorption of metals in natural sediments is important for many fields 

of environmental science: it helps us understand soil fertility, the capacity of soils and 

sediments for retaining toxic metals, and is a key component in regulating how fast a 

metal contaminant may travel in the subsurface (Stumm and Morgan, 1996; Bertsch and 

Seaman, 1999). Although ‘adsorption’ as a phenomena has been the subject of study for 

nearly half a century, a number of questions surrounding the behavior of metal ions in 

soils remain unanswered.

One area of research that has not yet adequately been explored is the role that soil 

organic matter plays in metal-ion retention by soils. NOM has long been know to be an 

important soil component for the sorption of metals (Nelson et al., 1985; Aringhieri et al., 

1985; Tessier et al., 1996); however, a clear picture of the many facets of the soil NOM 

problem has yet to emerge. The main reason for the difficulty in clearly defining the 

many aspects of the chemistry of metal adsorption to soil natural organic matter is 

NOM’s variability and close relationship with clay minerals and oxides as well as the 

many reactions that occur between NOM and metals and other organic molecules 

(Sparks, 1995).

To answer some basic questions about the role of NOM in nature in relation to 

sorption to minerals and complexation with metals, several laboratory studies have been 

conducted using more simple systems made up only of precipitated minerals and NOM 

(Davis and Leckie, 1978; Davis, 1982 and 19843; Schindler and Stumm, 1987, Zachara, 

1994). However, due to the complexity of natural systems such as soil, direct 

extrapolations of results obtained in laboratory to the field may be erroneous (Bertsch and 

Seaman, 1999). To make a “bridge” between the laboratory systems and the natural
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system, the knowledge obtained in the former should be used with the understanding of 

the unique chemical characteristic of each class of natural system.

One of the goals of this study is to investigate the role of NOM in the adsorption of 

trace metals to oxisols, while observing the chemical characteristics of this soil system. 

This study will facilitate interpretation of the results obtained in laboratory as related to 

the sorption of copper to oxisols in the field.

The motivation for this study
Brasilia National Park has an area of approximately 28,000 ha and is located between 

15°35’ -  15°45’ South latitude and 48o05’ -  47°53’ West longitude in Brazil’s Federal 

District (Ramos, 1995) (Fig. 1.1). It contains an important ecological reserve and 

contributes to the city’s northern area water supply.

Brasilia National Park has never been exposed to any agricultural or industrial activity. 

The soil formation present in the park is well-structured and well-drained with sporadic 

metric layers of lateritic material. These soils are Tertiary/Quartemary detritic sediments 

of 18 meters in average thickness, with very uniform particle size distribution and a 

composition dominated by clays. However, the clay minerals are commonly aggregated 

giving to soil a granular sandy texture. These soils have 63 to 65% porosity and an 

average permeability of 4.0 x 10"6 cm/sec (Santos, 1996). Therefore, these soils have 

significant potential as a ground water supply for the region (Barros, 1993). Soils 

sampled in the National Park, classified by the USD A system as Typic Acrustox and by 

the Brazilian system as Dark Red Latosol (DRL), represent the major soil formation that 

covers 38% of the park area (Ramos, 1995). The vegetation at the sample site is a Typic 

Ustic savanna with small to medium size trees that have ‘tortuous’ trunks. This type of 

vegetation is also very common in central areas of the country (Figure 1.1). The 

predominant climate in the park area is classified as Cwa by the Koppen system. The 

average annual precipitation is around 1200 mm/year, which is typical for areas that show 

a predominance of oxisols (Isbell, 1978).
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The Brasilia National Park is located near the city’s landfill, which has been in activity 

for over 35 years without any liners to retain the landfill leachate. Workers who are 

involved in recycling the garbage in the area have started to move into the old areas of 

the landfill and are establishing a village (Figure 1.2). There is no municipal 

infrastructure in the area. Therefore, families living in the village obtain their water from 

domestic wells. Studies developed by the University of Brasilia established that while Cd 

and Pb inside the landfill are potential sources of ground water contamination (Santos, 

1996), neither metal was detected in significant concentrations in the landfill plume.

The transport of pollutants in the subsurface is governed by various physical and 

chemical aspects of the system. These aspects include: the type of contaminant (inorganic 

or organic) and contaminant spéciation, the characteristics of the medium in which the 

pollutant travels and ‘general’ chemical conditions (pH, redox etc) of the system of 

interest.

While passing through a medium, a contaminant may interact with the immobile 

phase. Because metal ions generally form relatively strong complexes with natural 

organic matter (NOM), the expectation exists that immobile-phase solids with significant 

concentrations of organic matter will retard metal-ion transport.

Previous studies have shown that oxisols have a great capacity to sorb, and thereby 

retard the transport, of toxic metals (Santos, 1996; Araujo, 1996; and Franco, 1996). 

However, no detailed study has been conducted to identify the soil component(s) that is 

(are) primarily responsible for the oxisol’s sorptive characteristics.

This study

NOM has been reported by several researchers as an important trace metal binding 

agent, able to compete with oxyhydroxides for metal sorption (Davis and Leckie, 1978; 

Davis, 1984; All and Dzombak, 1996; Nowak and Sigg, 1996). Very little research has
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Figure 1.2 -  Aerial photograph showing the location of the sampling site, at the border of 
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been done in natural systems to understand the role of NOM in binding trace metals 

(Davis et al., 1998) and even more rare are studies of this nature in oxisols. Therefore, 

this study has as the main goal to explore the role of NOM in the sorption of toxic trace 

metals to oxisols.

Copper was chosen for this research, as a representative toxic trace metal because of 

its strong affinity for oxyhydroxides and NOM (Davis, 1984). Considerable research has 

already been conducted on copper binding to soils (McLaren and Crawford, 1973; 

McLaren et al., 1983; Cavallaro and McBride; 1978 and 1984; Singh et al., 1988; Xing et 

al., 1995; Guilherme and Anderson, 1998) providing an ideal framework for evaluating 

the interaction of Cu with oxisols.

Since isotherm experiments performed at high copper concentrations will almost 

certainly result in some copper precipitation the term sorption will henceforth be used to 

refer to all reactions at the soil/solution interface. Sorption is a general term that does not 

distinguish between precipitation, adsorption and diffusion of copper through the soil or 

sediment structure (Spostio, 1986; Honeyman and Santschi, 1988). Also NOM in this 

study will be estimated by the amount of organic carbon measured in soil or extracted 

from soil. For more detailed calculation of the NOM capacity to sorb copper a conversion 

from organic carbon to NOM will be made.

The research described here was designed to test the hypothesis that NOM in oxisols 

does not play a significant role in the sorption of ionic copper. The research also has 

several related goals.

1- Physical, chemical and mineralogical characterization of the soil profile for the 

purpose of identification of the main trace metal sorbents and to know how they 

are arranged in the soil structure.

2- Evalutation of the role of soil NOM in the sorption of copper in different soil 

profiles by conducting sorption experiments before and after oxidation of soil 

NOM.
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3- Investigation of the influence of the Fe and Al content of NOM on the sorption of 

copper to soil.

In order to investigate the role of NOM in the sorption of copper to soils, a detailed 

characterization of the soil medium is necessary. For this purpose a very detailed 

characterization of a soil profile was made. Then, three specific soil horizons were 

selected for more detailed studies on soil characterization and copper sorption to these 

soils.

Not many simple techniques are available to qualitatively estimate the importance of 

soil components during sorption of trace metals. A common technique is the use of 

sequential extractions of soil components. Despite the criticism by some researchers of 

the use of sequential extraction to study the significance of each soil component for metal 

sorption to sediments or soils (McCarty et al., 1998), it has been shown to be a reliable 

technique by various researchers (Tessier et al., 1979; Chao and Zhou, 1983; Yong et al., 

1993). Sequential extractions of soil components, performed with well characterized soils 

or sediments, provide important information about the role of specific natural media 

components in metal adsorption (Griffioen and Broers, 1993).

This study is composed of five chapters that are strongly related to each other, and 

chapters 2, 3, and 4 are independent research work that can be published separately. This 

chapter is a presentation of the research background and the motivation for this study. 

The second chapter contains a characterization of a soil profile six meters deep in terms 

of chemical, physical and mineralogical composition. The soil profile evaluated was 

obtained deep inside the Brasilia National Park (Figure 1.2). Ten soil horizons were 

characterized and sampled in the field. After 1) a macroscopic description of the profile 

was completed and 2) the physical, chemical and mineralogical properties of the clay 

sized fractions of these horizons were determined, then three soil horizons (Ai, Bwz, and 

C2) were selected for a more detailed analysis of their physical and chemical properties. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

techniques were used for characterization of soil structure.
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The third chapter describes the results of analyses of Cu binding to representative 

fractions of the three soil horizons before and after oxidation of the NOM by NaOCl. 

Copper sorption is evaluated as a function of pH (3 to 6.5) and ionic strength (0.01 and 

0.1 M NaNOs). The maximum sorption capacity (rmax) of the soil for copper was 

determined as a function of NOM concentration.

The influence of the iron and aluminum on copper sorption by the Ai oxisol horizon is 

described in the fourth chapter. NOM is extracted by 0.001 M NaOH and characterized 

by several analytical techniques, including fractionation into ‘humic’ and ‘fuvic’ acids. 

NOM was also treated with Chelex resins to exchange iron and aluminum and to evaluate 

the influence of these elements in copper sorption. Then, the influence of iron and 

aluminum in copper sorption is discussed.

The fifth chapter is a summary of the findings from the previous chapters and provides 

suggestions for future work in this field.
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Chapter 2

C h a r a c t e r iz a t io n  o f  c h a n g e s  in  m in e r a l o g y  a n d  n a t u r a l  o r g a n ic  m a t t e r

(NOM) IN AN OXISOL PROFILE BY CHEMICAL AND PHYSICAL ANALYSIS, AND BY

ELECTRON MICROSCOPY

Abstract

Ten soil horizons, ranging from 20 cm to 590 cm in depth, were sampled from a 

topographically flat and high area inside of the Brasilia National Park, Brasilia D.F. 

Brazil. Sections from the soil horizons were characterized for their chemical and 

mineralogical composition. All soil horizons were classified as Typic Acrustox according 

to the USD A soil classification system and as Dark Red Latosol by the Brazilian soil 

classification system. All soil horizons exhibited markedly similar chemical and 

mineralogical compositions, with the exception of the natural organic matter (NOM) 

concentration. The percentage of organic carbon varied from 2.3% at the topsoil horizon 

(Ai) to 0.2% at the deepest horizon (2C]). Three soil horizons (Ai= 20 cm, BW2 = 197 

cm, and C2 = 540 cm) were chosen to be studied with respect to the influence of NOM on 

soil properties along the soil profile. Transmission electron microscopy (TEM) was used 

in this study to describe soil structure and to observe the abundance and physical 

arrangement of soil NOM among other soil components, before and after NOM 

extraction. The physical arrangement may lead to occlusion of soil NOM limiting the 

sites available to sorb metals. Using the concept of aggregate hierarchy (Oades and 

Water, 1991), TEM results with soil aggregates smaller than 53pm show that soil NOM 

is not primarly present as mineral coatings, but is part of the soil aggregates in discrete 

‘pockets’. The NOM soil surface area exposed and available for chemical reactions with 

metals in solution, on soil samples from the Ai horizon, was estimated by TEM to be 

about 15-20% of the total NOM.
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Introduction

Oxisols are an extremely weathered type of soil rich in iron and aluminum oxide and 

hydroxide minerals (oxyhydroxides) and 1:1 clay types (Boul et al., 1980). Oxisols 

commonly occur in the intertropic countries, and constitute about 30% of the soil area 

(Boul et al., 1980). In Brazil they represent approximately 40% of the surface soils (Neto 

et al., 1981). Oxisols are a common type of soil in rainforest and tropical savanna areas 

from South America and Africa (Charlet, 1986) and are formed in regions where the 

average rainfall is higher than 1000 mm/yr (Isbell, 1978). Due to the intense weathering 

processes that this type of soil experiences, most of the permanent-charge types of 

minerals (clay type 2:1) have already been leached from the soil matrix. The remaining 

predominant types of minerals exhibit variable surface charge (kaolinite, aluminum and 

iron oxyhydroxides) and organic matter contents. As a consequence of the intense 

leaching, oxisols are also nutrient-poor (Jacomine, 1969; Charlet, 1986). In addition, a 

typical oxisol does not show significant variation in chemical and mineralogical 

composition with depth (Jacomine, 1969; Van Raij, 1971; Souza, 1979; Macedo and 

Bryant, 1987), with the exception of variations in soil organic matter.

Natural organic matter (NOM) in soil systems is widely known to play an important 

role in regulating physical and chemical soil properties. Examples of the contributions of 

NOM to soil properties include buffer capacity, metal binding capacity, sorption of 

hydrophobic organic compounds, stability of soil particle aggregates, and water-holding 

capacity (Wershaw, 1993). The quantity of NOM in soil profiles is usually greatest in the 

upper layers and decreases with depth (Thurman, 1985). The greater concentration of 

NOM in the top layer is due to the abundance of plants in the surficial soil zone. Plants 

are the primary source of organic matter for NOM genesis. NOM plays an important role 

in oxisol fertility because it is the soil component that contributes most to the soil C.E.C.. 

The importance of NOM in soils is also directly related to its considerable ability to 

complex ions in solution and to sorb to mineral surfaces (Davis and Leckie 1978; Tisdall
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and Oades, 1982). The ability of NOM to chemically react in a soil system will depend 

on the availability of NOM functional groups to react with ions in solution, and on the 

physical exposure of these NOM functional groups to the soil/solution interface. With 

few exceptions (Vrdoljak, 1998; this study) little work has been done on understanding 

the physical arrangement of NOM in a soil with respect to the availability of NOM for 

binding metal ions.

Previous studies of oxisol micromorphology have found its most characteristic feature 

to be a strong microped structure (Stoops and Buol 1985) of sand or silt size aggregates. 

Oxisols contain practically no weatherable minerals in the coarse fraction (they have been 

removed by the intense leaching). The coarse fraction of an oxisol typically is composed 

predominantly of sand- or silt size quartz, rutile, magnetite and anatase minerals (Stoops 

and Buol, 1985). The micromorphology of oxisols has seldom been investigated (Stoops 

et al, 1994) and then the emphasis has been on weathering and laterite formation; studies 

of the morphology of the A horizon of oxisols have rarely been published.

Transmission electron microscopy (TEM) is the method of choice for the analysis of 

soil structure because it provides high resolution for the imaging of soil materials ranging 

in size from 10 pm to below 1 nm (FitzPatrick, 1993; Vrdoljak, 1998). Furthermore, 

techniques for the stabilization and identification of organic components in soils using 

TEM have been established by Foster and Martin (1981). Typically, oxisol structure is 

examined by concentrating on the less than 53 pm diameter aggregates because previous 

studies (Oades and Waters, 1991; Vrdoljak 1998) suggest that this fraction is 

representative of other stages in the aggregation hierarchy of oxisols. Cytochemical 

techniques are used to locate organic matter; electron diffraction is used to identify 

minerals.

This study has three objectives:

1. To conduct a physical, chemical and mineralogical characterization of an entire 

oxisol profile. Based on this analysis, three soil horizons were selected to observe 

the influence of soil NOM on soil physical and chemical properties.
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2. To investigate, by TEM, the geometrical arrangement of NOM among other soil 

components in the three selected horizons. From this arrangement we can estimate 

the fraction of the soil NOM that is exposed for metal sorption from solution.

3. To characterize the soil structural changes after NOM removal from the topsoil 

horizon by NaOCl oxidation of the organic material, using the TEM technique.

Material and Methods

A series of chemical techniques was used for extraction and oxidation of soil NOM as 

well as for chemical characterization of soil samples. All experiments were conducted 

using reagent chemicals that meet or exceed the latest American Chemical Society (ACS) 

specifications for reagent grade chemicals. All solutions were made with Nanopure™ 

water.

All glassware used was first submersed in an acid bath (2% HNO3) for a minimum 

period of 24 hours, followed by a triple rinse with de-ionized water and submersion in a 

Nanopure water bath. The glassware was then dried before use.

Soil Sampling:
For the purpose of this study, soil samples were collected from a soil profile located in 

an undisturbed, fiat and very well drained soil area inside the Brasilia National Park. A 

trench six meters deep was made for the development of soil horizon morphological 

description, identification, and sampling (Table 2.1). Ten soil horizons were described in 

the field and further characterized by their physical size, and chemical and mineralogical 

compositions (Tables 2.2 and 2.3). The soil horizons at the site were highly similar with 

respect to texture and color.

Composite soil samples from each horizon were sieved into fractions smaller than 2 

mm and air-dried. Then sub-samples were selected for further physical, chemical and 

mineralogical analysis.
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Table 2.1 - Morphological description of an oxisol profile in the Brasilia National Park -  
Brasilia D.F. -  Brazil.

Horizon Depth

(cm)

Color

(moist)

Soil Texture

Ai 0 -1 9 2.5 YR 4/4 Very fine granular

AB 19-47 2.5 YR 4/8 Very fine granular and fine 

granular

BA 4 7-73 2.5 YR 4/7 Very fine granular and fine 

granular

Bwi 73-117 2.5 YR 4/7 Very fine and medium 

granular

BW2 117-97 2.5 YR 4/6 Fine and medium granular

B w 3 197-263 2.5 YR 4/4 Very fine granular

BC 263-350 2.5 YR 4/7 Heavy clay

c, 350-480 1.0 YR4/6 Heavy clay

c2 480-540 10R 4/6 Heavy clay

2 C3 540-590 2.5 YR 4/4 Heavy clay
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Soil physical and chemical characterization

The physical characterization of the air-dried soil samples was carried out in the 

Brazilian soil research institution (EMBRAPA) in Brasilia D.F. Brazil. Particle size 

analysis was made by the pipette method (Forsythe, 1975) prior to breakdown of soil 

particles by 0.1 N sodium hydroxide. The degree of dispersion test (Table 2.3) provides 

an estimate of the percentage of clay that can be dispersed in water in relation to the total 

clay composition of the soil. This estimate indicates the fraction of clay that is dispersed; 

in other words, it indicates the degree of physical stability of these soil aggregates 

(EMBRAPA, 1997).

Soil chemical characterization was carried out at both EMBRAPA and the Colorado 

School of Mines (Table 2.2). The percentages of silica, aluminum, iron and titanium 

oxides were estimated by the digestion of 1 gram of soil sample in concentrated sulfuric 

acid diluted 1:1 with Nanopure™ water (EMBRAPA, 1997). This acid digestion 

procedure dissolves amorphous and poorly crystallized material but not pure crystalline 

phases.

After a half-hour digestion on a hot plate, with no evaporation, the soil solution was 

filtered and the remaining soil was analyzed for silica. The solution was analyzed by 

inductively coupled plasma atomic emission spectroscopy (ICP -  AES) (Thermo Jarrel 

Ash -  model IRIS/AP) for aluminum, iron, and titanium. Soil residue that did not pass 

through the filter was dissolved by sodium hydroxide followed by the addition of 

ammonium molybdate, tartaric acid, and ascorbic acid solutions (Duriez, 1974). One 

aliquot of the final solution was analyzed for silica using the spectrophotometer at an 

absorbance wavelength of 695 nm. The cation exchange capacity (CEC) was estimated 

using ammonium acetate solution at pH 7 (Vettori, 1969). Soil pH was measured in water 

and IN KC1 solution at a soil: solution ratio of 1:2.5. The soil organic carbon percentage 

was estimated on a mass basis using a combustion method with coulometric detection of 

evolved CO2 (UIC-Coulometric Model 5011 coulometer). This equipment is used to bum
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Table 2.2 - Chemical characterization of the Typic Acrustox (oxisol) soil profile sampled 
in Brazil:

Horizon Depth
(cm)

Al20 3 a o . Fe20 3 7/<r2 Total**
Org.

Carbon C.E.CC
cmol/Kg

pH
H2OKCl

(7.-2:%
A, 19" 10.0 22.6 11.3 0.98 44.8 2.32 7.51 5.1 4.0
AB 47 11.0 24.4 11.1 0.96 47.5 1.87 5.39 5.3 4.2
BA 73 10.8 24.9 12.6 1.10 49.4 1.23 3.10 5.6 4.8

BW, 117 9.5 24.6 12.0 1.10 47.2 1.02 3.04 5.4 5.2
b w 2 197 10.5 23.8 11.4 0.99 46.7 0.84 2.30 5.5 5.6
b w 3 263 8.6 24.6 11.6 1.06 45.9 0.70 1.45 5.6 6.1
BC 350 10.2 26.0 12.7 1.24 50.1 0.61 1.20 5.7 6.3
c, 480 10.6 26.0 13.3 1.20 51.1 0.40 0.88 5.7 6.5
c 2 540 11.2 23.8 11.2 1.04 47.2 0.35 0.84 5.7 6.3

2C3 590 10.6 16.2 12.6 0.80 40.2 0.23 0.59 5.8 6.9
+ C Ë.C . = Cation Exchange Capacity 
* Percentage o f  oxides extracted by soil dissolution by H2 SO4 .

** Total percentage o f  oxides extracted by soil dissolution by H2 SO4 .

Table 2.3 - Physical characterization of the Typic Acrustox (oxisol) soil profile.
Coarse Fine Silt C/ay Total air dry soil Degree o f  dispersion

Horizon Depth Sand Sand < 2mm
(cm)

§ k g ‘ g  k g 1 g k g 1 g k g 1g-kg1
Ai 19 100 210 100 590 1000 42
AB 47 90 210 80 620 1000 31
BA 73 80 200 70 650 1000 29

BW, 117 70 200 70 660 1000 36
b w 2 197 60 260 50 630 1000 100
b w 3 263 60 240 70 630 1000 100
BC 350 50 200 60 690 1000 94
c, 480 50 170 40 740 1000 100
c2 540 60 250 40 650 1000 98

2C3 590 270 200 40 490 1000 100
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the soil sample at 910°C causing combustion of organic and inorganic carbon. The CO2 

produced is auto-titrated in a coulometer cell containing monoethanolamine as an 

indicator. Monoethanolamine plus CO2 forms a titrable acid (hydroxyethylcarbamic acid) 

and causes the color in the cell to fade. A platinum cathode and silver anode is positioned 

in the cell and the assembly is positioned between a light source and a photodetector. As 

the coulometric titration proceeds, a change in cell solution color is registered by the 

photodetector and converted to mass of organic carbon. Each soil sample was analyzed in 

triplicate. The method for these analyses was obtained from the coulometer manual.

Soil characterization of the three horizons chosen to be studied in detail
Considerable similarity among the soil samples was observed during the soil 

characterization described above (Tables 2.2 and 2.3). Such consistency has been 

reported by other researchers (Van Raij and Peech, 1972; Macedo and Bryant, 1987; 

Santos et al., 1989; Fontes and Weed, 1991). To further evaluate the soil profiles in more 

detail, three soil horizons (Ai, BW2 , and C2) were selected for extensive analysis. The 

following soil characterization techniques were applied only to samples from these soil 

horizons.

Soil XRD analysis
Clay and soil fractions smaller than 2.0 mm were analyzed by x-ray diffraction 

(XRD). Each mineral has a different ability to sorb metals; therefore, the identification of 

the whole suite of soil minerals is the first step in evaluating the soil potential for sorbing 

metals. Before the XRD analysis, the three soil horizons selected for this study had their 

clay fraction separated through centrifugation, after physical breakdown of soil 

aggregates. Soil and clay samples were ground in a porcelain mortar and pestle prior to 

XRD analysis on a Scintag X-l diffractometer. Using a sample spinner, randomly 

oriented powder samples were subjected to Cu a  radiation (45 kV, 35 mA). Sample 

parameters were as follows: scan range from 4° to 62° 20; step size of 0.02; and counting
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time of one second. The relative intensity of the diffracted peaks was used to estimate the 

relative abundance of the different minerals in the soil and clay samples (Table 2.4). This 

estimation was possible with the use of the software JADE + with s/m version 3.1 in 

conjunction with reference intensity ratios (RIR) of the phases present. X-ray analyses 

were made before and after soil treatment with sodium hypochlorite (NaOCl - 5% vol.) 

and ammonium oxalate, at pH 3 in the dark, to document changes in the crystalline soil 

phases as a result of chemical treatments (Figures 2.1, 2.2, and 2.3).

Extraction of non-crystalline material in soil by ammonium oxalate
Chemical extraction of noncrystalline or amorphous material in soil samples followed 

the procedure of Shwertmann (1964). Amorphous material may play an important role in 

metal sorption to soil due to its high specific surface area. Prior to the oxalate extraction, 

soil NOM was partially oxidized by a series of four treatments with NaOCl (5% vol.) at 

pH 9.5 (in 50 ml plastic centrifuge test tubes). The samples were subsequently oven dried 

at 110°C for 24 hours. Two 0.175 subsamples of the soil were put in 50 ml plastic 

centrifuge tubes, which were wrapped in aluminum foil, and mixed with 25 ml of 0.2 M 

ammonium oxalate at pH 3. The plastic centrifuge tubes were sonicated for 1 hour in a 

water bath to disaggregate soil particles. They were then gently shaken for 2 hours and 

subsequently centrifuged at 2,500 rpm (Fisher Scientific Marathon™ model 12KBR) for 

15 minutes.

The supernatant was saved for analysis by Inductively Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES) (Perkin Elmer model Optima 3000) of the extracted 

iron and aluminum. Table 2.4 presents the results of the extraction and provides the ratio 

of contribution of non-crystalline phases to the total soil mass.

Soil point of zero salt effect (pHpZSC) titration.
Evaluation of the soil point zero of charge (pHpZC) was made by the point of zero salt 

effect (pHpZSe) titration method. As Sposito (1989) points out, the pHpZC corresponds to the
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pHpzse when no constant-charge minerals are present. It is an important soil parameter for 

the interpretation of metal or organic matter sorption to soil.

Prior to the soil titration, soil samples were pretreated with lithium perchlorate to 

replace exchangeable cations (Charlet, 1986). Ten grams of dry soil were mixed with 

42.86 ml of 0.5 M TiClC^ at pH 6 . The soil solution was stirred gently for 10 minutes and 

left to settle for 2  hours and fifteen minutes to allow the reaction to occur and to separate 

solid and liquid phases by settling. At this point, the supernatant liquid was carefully 

collected using a 20-ml glass pipette. The washing/settling/pipetting steps were repeated, 

producing a soil sample for which all exchangeable cations had been replaced by lithium.

Further preparation of the soil subsamples for the salt titration consisted of replacing 

the lithium with sodium through two ‘washing’ cycles (Charlet, 1986). In the first cycle, 

a solution of 0.5 M NaCl at pH 6  was mixed with soil at a ratio of 7 g of soil per 30 ml of 

solution, and stirred for 10 minutes, and then centrifuged at 2500 rpm for 10 minutes. The 

supernatant liquid was discarded and the washing and phase separation was repeated. In 

the second cycle, a solution of 0.01 M NaCl at pH 5.0 was applied, as described above, to 

reduce the salt concentration of the soil interstitial volume. The salt solution had a pH
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Table 2.4 - Soil chemical, mineralogical and physical characterization of selected 
horizons from a Typic Acrustox (oxisol) profile.

Soil horizon: Aj B w2 c 2
Soil % Weight

% Fe 7.4 7.7 7.9

(duplicate) 7.6 7.9 8.5

% AI 15.4 16.2 16.3

(duplicate) 16.2 17.2 16.9

% Organic C 2.32 (±0.01) 0.84 (±0.003) 0.35 (±0.003)

Soil Mineralogy*

< 2 .0 mm Q>K>G>H>A K>Q>G>H>A K>G>Q>H>A

Clay fraction K>G>H K>G>H K>G>H

Amorphous Material**

Fe (g/Kg) 2 . 0 1 . 1 0.7

(duplicate) 1 . 6 1 . 2 0.7

AI (g/Kg) 2 . 8 2 . 8 1.5

(duplicate) 3.4 2 . 8 2 . 1

P.Z.S.E.*** 4.7 5.4 5.6

Surface Area (m2/g)****

Before 94.3 (±1.3) 118.6 (±2.3) 94.8 (±0.75)

After 114.8 (±0.1) 116.6 (±5.4) 94.9 (±1.9)

♦Mineralogy: Q = Quartz, K = Kaolinite, G = Gibbsite, H = Hematite, A = Anatase.
**Amorphous material: Ammonium Oxalate at pH = 3.0 in the dark (Schwertmann, 1964). 
***P.Z.S.E. =  Point o f  Zero Salt Effect.
♦♦♦♦Surface Area: B E. T. method before and after soil treatment with NaOCl (5% vol.).
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Figure 2.1 - X-ray diffraction of soil from untreated soil horizons. Colors: Black = A% 
horizon. Red = Bw2 horizon. Blue = C2 horizon. Diffractogram peaks overlay each other 
indicating the same soil mineralogy among the three soil horizons.
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21-1272> Anatase - ti0 2SQR(I)

Figure 2.2- X-ray diffraction of soil from Ai horizon before and after soil NOM oxidation 
and amorphous material extraction. Colors (from bottom to top) = Black (untreated soil), 
Red = (after NaOCl), and Blue and Purple = (after NFL* Oxalate). The overlay of 
diffractogram peaks suggests that there was no change in soil mineralogy with the 
exception of some quartz dissolution after NaOCl treatment, indicated by the arrow.
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Figure 2.3- X-ray diffraction of soil from Bw2 horizon before and after soil NOM 
oxidation and amorphous material extraction. Colors (from bottom to top) = Black 
(untreated soil), Red = (after NaOCl), and Blue and Green = (after N H 4  Oxalate). 
Difractogram peaks overlay suggests that there is no change in mineralogy after soil 
treatment, with the exception of some quartz dissolution after NaOCl treatment, indicated 
by the arrow.
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Figure 2.4- X-ray diffraction of soil from C2 horizon before and after soil NOM oxidation 
and amorphous material extraction. Colors (from bottom to top) = Black (untreated soil). 
Red = (after NaOCl), and Blue and Green = (after N H 4  Oxalate). Overlay of 
diffractogram peaks suggests no change in soil mineralogy, with the exception of some 
quartz dissolution after NaOCl treatment, indicated by the arrow.
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between 5.0 and 6.0 to avoid dissolution of any clay mineral or oxyhydroxides (Charlet, 

1986; Shorter, 1993).

Three subsamples of less than one gram of the paste, produced from the operation 

above, were put in porcelain crucibles and then weighed to one milligram precision. The 

crucibles were then put into an oven at 110°C and the crucible weight was periodically 

measured over a 24 hour period. At this point, the soil moisture content was calculated. 

Knowing the soil moisture content, a soil paste was mixed with 0.001 M NaCl solution 

with a ratio of dry soil:solution of 1:100. The soil solution was placed in a 50 ml, 

jacketed, borosilicate glass titration cell (Wheaton) which had ports for the introduction 

of a pH electrode and an N2 line. The cell temperature was regulated at 25°C ± 0.1 °C 

using a VWR Scientific (Model 1141) circulating water bath.

The slurry pH was adjusted to a set pH through the addition of 0.1 M HC1. The ionic 

strength of the slurry was altered through addition of NaCl to increase the solution ionic 

strength by multiples of ten, from 0.001 M to 0.01 M, 0.01 to 0.1, and so on. Changes in 

pH during the ‘jumps’ in ionic strength were recorded. The procedure was repeated for 

selected pH values and the data set was plotted as ApH versus pH for the series of ionic 

strength values. The point of zero salt effect is the pH at which the ApH is « 0 for all 

solution ionic strength values. Each salt titration point was obtained in duplicate. The 

results for the PZSE analyses of the three horizons are listed on Table 2.4.

Total soil digestion by strong acids.
Total soil digestion by strong acids was performed using concentrated HNO3 , HCIO4 

(70%), and HF (49%). To estimate the efficiency of this method to dissolve all the 

aluminum and iron present in the soil samples, three different masses of soil (0.1g, 0.25g, 

and 0.50g) were used for digestion. The method used for this soil digestion (Briggs, 

1990) was obtained from the Quality Assurance Manual for the Branch of Geochemistry 

at the United States Geological Service (U.S.G.S.). The digested soil samples were
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analyzed with a Perkin Elmer model Optima 3000 - ICP-AES. The concentration of 

aluminum and iron in mg/1 was plotted as a function o f mass of soil, to verify the 

digestion efficiency (Figure 2.5).

Soil NOM removal by different extractants

Soil NOM was extracted by the following ‘extractants’: water at pH 5-11, sodium 

hydroxide (0.5 M NaOH at pH 13.7 and 55°C), sodium pyrophosphate (Na^P^O^) at pH 9, 

sodium hypochlorite (NaOCl 5% by volume; pH 9.0), and hydrogen peroxide (H2O2 

10%, 20%, and 30% by volume).

Water extraction at different pH’s. The soil solution, composed of ten grams of soil (< 

2 mm) and 200 ml solution at a specific pH (5, 7, 8 , 9, 11 or 13.7), was gently shaken for 

24 hours. The soil solution pH was occasionally adjusted with the addition of small 

amounts of 0.1 M NaOH. The soil slurry was centrifuged at 2500 rpm for 15 minutes and 

the supernatant liquid was carefully collected using a 2 0  ml glass pipette; the solution 

was immediately passed through a 0.45 pm filter. The filtrate was pH-adjusted to close to 

neutral by the addition of concentrated HNO3 to minimize hydrolysis of NOM functional 

groups such as esters (Bowles et al., 1989). The soil and NOM samples were refrigerated 

at 4°C until further use.

Subsets of the NOM-enriched solutions were pH-adjusted to 4. Then the NOM was 

analyzed for total carbon concentration using a Shimadzu TOC 500. Before each 

analysis, each sample was bubbled with N2 gas for a few minutes to purge CO2 . For the 

pH = 13.7 (0.5 M NaOH) extraction, there was no pH adjustment required during 

extraction, and the soil slurry was held at 55°C for 48 hours instead of 24 hours at room 

temperature.

Sodium pyrophosphate. Soil NOM extraction by sodium pyrophosphate at pH 9.0 was 

made using 200 ml of 0.1 M NaJ^O? mixed with ten grams of soil and shaken for 62
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hours. The soil solution pH was constantly adjusted by the addition of 0.1 M HC1. 

Subsequent steps were identical to those described above for the leaching of NOM by 

basic solutions.

Sodium hypochlorite. For NOM extraction by sodium hypochlorite the method of 

Papp et al. (1991) was used. One gram of soil was mixed with six milliliters of 5% 

NaOCl solution adjusted to pH 9.5 with 6 N HC1 prior to use. The soil solution was then 

put into a boiling water bath for 15 minutes. The soil solution was transferred to a 

centrifuge and spun at 2500 rpm for 15 minutes. The supernatant liquid was passed 

through a 0.45 pm filter and acidified by a solution of 1% by volume of concentrated 

HNO3 . The filtrate was analyzed for its elemental composition by Perkin Elmer model 

Optima 3000 - ICP-AES (data not shown).

This extraction procedure was repeated four times. At the conclusion of the washing 

step, an acid solution of HC1 at pH 2 was added to the remaining soil and the mixture was 

shaken for few minutes to return the soil pH to near its initial pH value of 5.0. Sub­

samples of the soil paste were dried in an oven at 110°C for 24 hours. These samples 

were analyzed for total carbon content as described above.

Hydrogen peroxide. Hydrogen peroxide oxidation of the soil NOM was attempted using 

10%, 20% and 30% by volume hydrogen peroxide. Two grams of soil were mixed with 

40 ml of H2O2 at different concentrations and gently shaken for 6 6  hours. Then the soil 

solution was centrifuged at 2500 rpm for 15 minutes. The supernatant liquid was 

discarded and sub-samples of the soil paste were dried in the oven at 110°C for 24 hrs. 

Then, the dried samples received the same treatments as the samples that were oxidized 

by NaOCl.

The results for all extractions and oxidations of the soil NOM by the different 

techniques are listed in Table 5.
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Soil specific surface area (SA)
Specific surface areas of the soil subsamples were measured by the BET isotherm 

method using a Micromeritics Flow Sorb II 2300. This instrument is capable of the 

‘single point method’; its use range is 0.1 to 300 m2/g. This method is based on the 

absorbency of a gas mixture (30% N2 and 70% He) at one gas specific partial pressure 

( 1 0  lb/in2), forming one molecular monolayer of the gas on the surface of the adsorbent. 

The method used for the analysis is in the instrument manual. Soil specific surface areas, 

before and after NOM removal, are listed in Table 2.4.

Soil TEM and SEM analysis
TEM images were acquired for soil samples from the A%, Bwz, and C2 horizons before 

NaOCl treatment, and for the Ai horizon after treatment. Instruments used were JEOL 

S I00, Philips 301, and JEOL 200CX. Soil sample preparation and sample analysis were 

done in the Electron Microscopy Laboratory at the University of California in Berkeley 

by the method described by Vrdoljak (1998). Scanning electron microscopy (SEM) was 

done for one sample from the Ai horizon using a Hitachi S5000, also at the University of 

California in Berkeley. Dr. Vrodoljak kindly made all the TEM and SEM pictures 

presented in this chapter

Sample preparation

TEM: Aggregates less then 53 pm in diameter obtained by dry sieving were and 

transferred into a warm 2% agar solution. The agar with the aggregates was refrigerated 

overnight to gel. After solidification in agar, the samples were trimmed to approximately 

1-3 mm-sized cubes for processing. The soil cubes were fixed in a 2% glutaraldehyde 

solution with a 0.1.M sodium cacodylate buffer at pH 7.2 (from this point on referred to 

only as buffer) for 1-2 hours with gentle rocking agitation. The soils were then rinsed 

three times for fifteen minutes in the buffer. Post fixation staining was done with 1% 

OsO] in the buffer for 1-2 hours. Samples were rinsed in the buffer three times for 5



33

minutes with agitation, and then rinsed three times for 10 minutes in distilled water. The 

samples were stained overnight at 4° C in the dark with 0.5% aqueous uranyl acetate, and 

then rinsed 15 minutes three times with distilled water. Samples were dehydrated by 

rinsing for 10 minutes with increasing concentrations of acetone:water mixtures (35%, 

50%, 70%, 80%, 95%, 100% and 100%). After dehydration, the samples were infiltrated 

with Spurr's epoxy resin (Spurr, 1969) and acetone mixtures. Acetone:resin mixtures of 

2:1, 1:1, and 1:2 were rinsed with the samples successively for 1 hour each. The samples 

were then rinsed with pure resin for 1 hour, and again overnight. An accelerator was 

added to the resin and the samples were rinsed with resin plus accelerator for 1 - 2  hours. 

Finally, the samples were placed into beam capsule molds with accelerator and resin and 

left for 2 days at 60° C to harden.

After curing, the samples were trimmed and ultrathin sections (> 60 nm) were 

prepared on a Sorval MT-6000-XL microtome utilizing diamond knifes with a cutting 

speed of 0.1 mm/sec. Sections were deposited onto copper or nylon TEM grids coated 

with a support film of formvar and carbon for ultimate use in the transmission electron 

microscope. Coated grids were made in the laboratory because those ordered from 

suppliers often contain contaminants.

SEM: SEM images were taken using a Hitachi S-5000 SEM. Randon aggregates were 

taken for SEM analysis. The aggregates were ‘fixed’ using a 2% glutaraldehyde in a 

0.1M Sodium cacodylate buffer at pH 7.2 for 1-2 hours. The samples were rinsed with 

buffer three times for 15 min each time. After rinsing, the soil aggregates were again 

fixed with 1% OsOs in 0.1 M sodium cacodylate buffer at pH 7.2 for 1-2 hours. The 

aggregates again were rinsed in buffer three times for 5 minutes per rinse.

After the rinsing and fixation steps, the aggregates were dehydrated by washing with 

solution of increasing ethanol:water ratios: 35, 50, 70, 80, 95, 100 and 100% ethanol 

washes were used for 10 minutes at each step. The samples were then critical-point dried 

to replace the ethanol with CO2 . Specimens were mounted using carbon conductive tape
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onto SEM sample holders. The samples were then sputter coated with 30 nm of Au-Pd. 

After desiccating overnight, the samples were viewed at 10 KV in the SEM.

Results and Discussion 

Soil characterization of the 10 soil horizons
The ten soil horizons classified in the field had markedly similar color and soil texture 

(Table 2.1). The reddish hues (2.5 YR) indicate an oxidizing environment and are typical 

for Typic Acrustox (USDA classification) or Dark Red Latosols (DRL) (Brazilian 

classification) (Mothci, 1977; Macedo and Bryant, 1987). The soil profile homogeneity is 

a consequence of the long period of weathering that these soils have undergone.

The annual precipitation in average is approximately 1500 mm, and the soil is located 

in a landscape classified as “neogenic chapada” which is related to a weathering process 

from the Pliopleistocene (Novaes, 1993) (Figure 2.6). Laterization is the geochemical 

process most responsible for the development of oxisols (Souza, 1979); it is caused by an 

intense weathering of the initial rock formation. During this process, dissolution of silica 

results in the leaching of Ca, Mg, K, and Na from the parent rock; consequently there is a 

depletion of these elements in the forming soils. As the laterization of the bed rock 

formation develops, secondary minerals are formed in the general sequence: kaolinite, 

gibbsite and metal oxides. Souza (1979) distinguishes between two types of oxisols: one 

rich in kaolinite and which is less leached, and the other rich in gibbsite and more leached 

in soil nutrients (Ca, Mg, K, Na). The pedon evaluated for this work is classified as a 

kaolinitic type of oxisol.

The soil profile texture and color homogeneity (Table 2.1) are reflected in the soil 

profile chemical and physical characterization (Tables 2.2 and 2.3). The percentage of 

aluminum, iron, titanium oxides and silica is constant along the soil profile (Table 2 .2 ) as 

is the soil mineralogy. The order of mineral dominance is kaolinite > gibbsite > hematite 

> anatase. This percentage of minerals from the 50% H2 SO4 dgestion is operationally
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Figure 2.6 - Cross section of the landscape where the pedon was classified and the soil 
types nearby. DRL = Dark Red Latosol, RYL = Red Yellow Latosol, and Hydromorphic 
Laterite (modified from Macedo and Bryan, 1987).

defined as the percentage of diagenic clay-sized minerals (EMBRAPA, 1997). The sum 

of all percentages is relatively constant along the soil profile and is in the range of 45% to 

51% (Table 2.2), which correlates to the percentage of poorly-crystalline minerals (size 

<0.05 pm) observed in TEM pictures (q.v.). This fraction of minerals is not amorphous, 

as can be seen quite well in the TEM pictures.

A direct relationship is observed between the percentage of organic carbon in the soil 

isolates and the soil cation exchange capacity (Figure 2.7). This correlation suggests the 

dominant role of soil organic matter in contributing to the soil cation exchange 

(Jacomine, 1969; Van Raij and Peech, 1972; Motchi, 1977). The values of CEC obtained 

in this study are within the range of CEC values expected for this category of soils inside 

the National Park (Ramos, 1995).

The soil pH was measured with soil isolates suspended in water or in IN KC1 solution. 

The difference in the pH values between the water pH and the 0.1 M KC1 pH was 

negative for the top four horizons and positive for the lower horizons. The sign of the
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pHwater -  pHrci operation suggests a predominance of negative charge in the top four 

horizons which is probably due to the greater abundance of soil NOM at these horizons 

(see Van Raij, and Peech, 1972; Morals et ah, 1976).

Soil physical characterization (size distribution, texture etc.) was accomplished after 

soil disaggregation through suspension in 0.1 M NaOH (EMBRAPA, 1997). Physical 

characterization determined a predominance of the clay size fractions followed by fine 

sand, coarse sand and silt. Therefore, these soils are a clay-type of soil, although they 

have a sandy texture (Table 2.1). The predominance of clay size particles could be related 

to the type of bedrock (slate) that created this pedon (Ker, 1995).

The degree of dispersion is a metric that relates the ration of the amount of clay that 

can be dispersed in water to the total clay in the soil (as a percentage). Since there is less 

clay dispersed in the top horizons, where the NOM is more abundant, than in the lower 

horizons, the results suggest that soil NOM is at least partially responsible for keeping 

soil particles together.

Soil characterization of the three chosen soil horizons 

Mineralogy:
The difffactogram peaks of the three horizons are identical and indicate no differences 

in soil mineralogy (Figure 2.1). However, there is a slight difference in soil mineralogy 

when one compares the whole soil (<2.00 mm) to the clay size fraction. In the soil clay 

fraction, kaolinite (AL^OHMSi^io) is the predominant mineral followed by gibbisite 

(Al(OH)3), hematite (Fe^Cb), and anatase (a polymorph of rutile - TiOz). In the soil 

fractions smaller than 2 . 0  mm, almost the same mineral predominance sequence is 

observed, with the exception of quartz (SiOi), a silicate mineral, which is the 

predominant mineral species in the top horizon and the second most predominant in the 

intermediate horizon and the third most predominant in the deepest horizon. Anatase
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(TiOz) is a minor mineral (approximately 1%) present in all horizons of soil fractions 

smaller than 2 mm.

The mineralogical suite present in the soil horizons is the consequence of the intense 

weathering to which the bedrock (slate and quartzite), and secondary minerals, is 

subjected. All the feldspar minerals (from the slate rocks) and possible constant charge 

minerals, such as 2:1 clays, have been leached from the soil. The remaining minerals 

quartz, kaolinite, gibbsite, hematite and anatase have a lower solubility relative to the 

more leachable minerals mentioned above.

Non-crystalline or amorphous material:
Amorphous material is defined in this study as the solid phase that does not have a 

repeating structure (3 run) based on a chemical formula (Sposito, 1989). Because this 

fraction of soil does not have a mineralogical structure it is not recognized by x-ray 

diffraction (XRD); it is observable by transmission electron microscopy (TEM).

Among the various methods suggested to extract iron and aluminum amorphous 

materials, ammonium oxalate at pH 3.0 in the dark (Schwertmann, 1964) and 

hydroxylamine hydrochloride 0.25 M at 50°C to 70°C, are the most common (Chao and 

Zhou, 1983; Griffioen and Broers, 1993). Hydroxylamine is able to reduce iron from 

crystalline minerals but it is unable to extract aluminum from solid phases (Martins et al., 

1999). As a consequence, ammonium oxalate at pH 3.0 in the dark is the method of 

choice to remove iron and aluminum amorphous material from oxisol.

Before extraction of the non-crystalline material, soil NOM was partially oxidized by 

NaOCl. XRD analysis was made before and after 1) oxidation of the soil NOM and 2) 

extraction of amorphous material (Figures 2.2, 2.3, and 2.4). No change in soil 

mineralogy was observed after these soil treatments with the exception of some 

dissolution of quartz after soil NOM oxidation by NaOCl.

Results of the extraction experiments show that a trace amount (< 0.5%) of Fe- and 

Al-containing amorphous material exists in the soil profile (Table 2.4). These results are
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consistent with the finding of other oxisol researchers (Fey and Roux, 1977; Fontes and 

Weed, 1991; Lima and Anderson, 1997). The contributions of amorphous Fe and A1 to 

the soil mass when converted to pmoles/g of soil, are 13.1 to 32.2 for Fe and 77.8 to 

114.9 for Al. Amorphous Fe and A1 oxyhydroxides can play an important role in the 

sorption of trace metals in soil solution even in trace amounts. For comparison, Davis et 

al. (1998) reported that 8  pmoles/ g of soil of amorphous Fe and 17 pmoles/ g of soil of 

amorphous Al were the main mineral sorbents of zinc in a quartz sandy aquifer in Cape 

Cod, MA.

The method used to estimate the amount of amorphous material is based on an 

operational definition, that most of the soil amorphous material would be extracted by 

ammonium oxalate in the dark at pH 3.0 (Schwertmann, 1964). Nevertheless, as will be 

seen below, the results are in agreement with the TEM analysis of these soil samples. In 

this soil profile, amorphous material is present in trace amounts. However, TEM analysis 

also shows that there are substantial percentages of poorly crystalline minerals that 

correlate to the soil percentage dissolved by sulfuric acids (Table 2.2).

Point of Zero Salt Effect (PZSE)
Mineral surface charge is caused by either isomorphic substitution between ions of 

different valence inside the mineral structure or by reactions of surface functional groups 

with adsorptive species in the solution (Sposito, 1989 and 1992). Salt titrations were 

performed to obtain the point of zero salt effect (PZSE) for the soil sample. Since there 

are no permanent charged minerals (2:1 clays) present in these soils, the PZSE is equal to 

the point of zero net charge (PZNC), which is equal to the point of zero net proton charge 

(PZNPC) (Sposito, 1984; Charlet, 1986; Chorover; 1993).

The pHpzsE values for these soils show a constant increase from the top horizon (Ai) 

to the lowest horizon (C2) (Table 2.4). This decrease in pHpzsn is correlated with the 

decrease in organic carbon (Van Raij and Peech, 1972; Morals et al., 1976). The higher 

the concentration of organic carbon in a soil sample, the lower its pHpzsn; this
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relationship is due to the negative charge associated with NOM (Morais et al., 1976; Bell 

and Gillman, 1978; Mendonça and Rowell, 1996). The effect of organic matter on soil 

surface charge can also be observed in the soil A pH between a salt solution and water. 

The negative values have a direct relationship to higher organic carbon content (Table 

2.2). Another factor that could cause a decrease in the pHpzsn for the topsoil horizons is 

the higher percentage of quartz found in these horizons. Quartz has low point of zero 

charge (pHpZC = 2 .0 ); therefore it can contribute to the negative surface charge of soil 

surface.

As described in the methods section, the pHpzse determined is the pH where a series of 

salt ‘titration curves’ intersect (Parker et al., 1979). For soil systems of low mineral 

solubility, and no constant-charge minerals, the application of the salt-titration procedure 

is relatively straightforward. However, in the soils examined here, aluminum solubility is 

significant.

The dissolution of aluminum (exchangeable aluminum, aluminum from solid and 

organic matter phases) is a common phenomenon observed for oxisols, as well as other 

soils (McBride, 1994; Chorover and Sposito, 1995; Malengreau and Sposito, 1997). The 

extent of aluminum dissolution as a function of pH is one factor responsible for 

inaccurate estimates of soil surface charge. Aluminum is a Lewis acid; in water (upon 

dissolution from the solid phase) it causes the release of protons from water through 

hydrolysis and the association of aluminum ions with hydroxyls. This problem can be 

solved by the estimation of protons produced by the hydrolysis of aluminum; this 

procedure was not used in the pHpzsn estimation here. The results should be considered to 

be a semi-quantitative estimate of the soil point of zero charge (PZC). For a more 

accurate estimation of the soil PZC, aluminum dissolution should be accounted for.

Iron and aluminum bulk chemical composition

Total soil digestion by strong acids (HNO3 , HCLO4 , HF) was highly efficient in 

dissolving nearly all soil solid phases. After digestion, a residual, gray in color with
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nearly black submilimetric layer, remained. XRD analysis of this material (data not 

shown) revealed that the remaining material was mostly quartz.

Different masses of soil material, from different soil horizons, are plotted against the 

amount of iron and aluminum extracted (mg/1) from those samples. A plot of the data is a 

straight line whose intercept passes close to the origin (Figure 2.4). The linear regressions 

(R2) of these plots are 0.993 for Al and 0.996 for Fe. These data suggest a high 

correlation between the mass of soil digested and the concentrations of Fe and Al 

obtained. Other information that can be obtained from this plot is about the homogeneous 

bulk chemical composition of iron and aluminum along the soil profile. Since samples 

from different horizons were used for the same elements the results indicate that the 

amount of iron and aluminum are still very similar.

NOM extractions
Table 2.5 contains the results of the series of experiments followed to remove NOM, 

through a sequence of increasingly harsher treatments, from the soil isolates. As Hayes 

(1985) points out, no ideal extracting protocol exists.

The maximum percentage of soil NOM that could be extracted by water and dilute 

base was 27%. For water at pH values between 5 and 7 less than 5% of soil NOM was 

released to solution. Above pH 7 (dilute base) there was a linear increase of NOM 

dissolution up to 27% of the total NOM released to solution. This extraction is considered 

to be mild; it causes a maximum aluminum and iron dissolution of approximately 1 0  

mmols / kg of soil.

Table 2.5 - NOM extraction from Ai soil horizon with different extractants:
NOM extractants % NOM extracted from oxisol
H20  pH = 5-11 0 - 27%
Na^PzO? pH= 9.0 33%
NaOH 0.5 M at 55°C 52%
NaOCl (5%) 87%
H202(10-30% ) 70% - 76%



42

A solution of 0.5 M NaOH at 55°C was able to extract nearly twice the maximum 

amount of NOM removed in the experiments described above. While substantial NOM 

was removed from the soil, significant dissolution of aluminum and iron oxyhydroxides 

is likely.

Sodium pyrophosphate at pH 9 was able to remove one third of the soil organic 

carbon. Possibly in oxisols, as many other soils, iron and aluminum maintain organic 

matter in a flocculated and insoluble condition (Stevenson, 1982). Phosphate from 

sodium pyrophosphate is able to complex iron or aluminum causing the solubilization of 

soil NOM (Stevenson, 1982). The following reaction (2.1) has been used to illustrate the 

NOM extraction in this case. Although in the oxisols used in this research, since there is 

no abundance of calcium, it is less probable that soil NOM is associated with this 

element.

2 [RCOOX(OH)2](COO)2Ca + N&fzO? 2[RC00X(0H)2](C00Na)2+Ca2P2074- (2.1)

In this case X is a trivalent cation (Fe or Al) that can be either complexed with the NOM 

and not acting as a flocculating agent such as calcium, or it can be replacing calcium in 

the reaction above. This technique removed 5% more NOM than dilute base at pH 11.

Two additional methods were evaluated for the removal of organic carbon from the 

soil samples; both methods are based on the chemical oxidation of carbon. The first 

method involved suspending soil isolates in a sodium hypochlorite (5% by volume) 

solution at pH 9.5. This method was the most efficient in removing soil organic matter 

with the least deleterious affect on soil minerals. ICP-AES analysis of the sodium 

hypochlorite solution after extraction indicates that less than 3% of the total iron and 

aluminum mineral dissolved and less than 10% of the silicates. These results are similar 

to those of other researchers who used NaOCl (Anderson, 1963; Lavkulich and Wiens, 

1970).
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The second chemical oxidizer used to remove NOM was hydrogen peroxide. 

Concentrations used were 10%, 20%, and 30% by volume. The NOM removal was quite 

efficient with between 70% and 76% of the total soil NOM removed. A general drawback 

of this method is the likely dissolution of manganese oxides and oxidation of sulfide 

minerals (Papp et al., 1991). This method is suitable for this particular oxisol because of 

the absence of manganese oxides or sulfides. However, the extent of iron and aluminum 

dissolution during the application of this method was not evaluated.

Specific surface area of soil
Analyses of soil specific surface area were performed before and after organic matter 

oxidation by NaOCl (Table 2.4). Sodium hypochlorite was the most efficient chemical 

evaluated for the oxidation of soil NOM. It removed 87%, 67%, and 43% of the initial 

soil NOM present in horizons Ai, Bwz, and C2, respectively. These results suggest that 

the NOM in the deeper horizons is in a more advanced stage of humification, more 

decomposed, and therefore less easily oxidized.

In contrast with the efficiency of this oxidizer in removing soil NOM, the increase of 

soil specific surface area was not especially significant. Only in horizon Ai was there a 

significant increase in soil specific surface area (approximately 2 2 %) after the partial 

oxidation of soil NOM; and in the other horizons there were virtually no changes in soil 

surface area (Table 2.4). The lack of a change in the specific surface area of the soils 

upon NOM removal is likely the result of the key role that iron and aluminum 

oxyhydroxides are playing in this system in keeping soil particles together. At the natural 

soil pH of 5 to 5.5, the soil surface charge of kaolinite, and iron and aluminum 

oxyhydroxides (hematite and gibbsite), are opposite (Sposito, 1989), thereby fostering 

hétérocoagulation. NOM is an important soil aggregation agent, but it is not the only 

agent in tropical soils (Foster, 1978; Tisdall and Oades, 1982; Bartoli et al., 1991).

If the NOM sites that bind solid particles are already occupied by trivalent ions (Fe3+ 

and Al3+), the role of NOM as a soil aggregating agent will be minimized. The
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complexation of trivalent ions by NOM has been shown by several soil researchers (De 

Coninck, 1980; Schwertmann, 1985; McBride, 1994; Sparks, 1995).

Soil SEM and TEM pictures.
SEM analysis was made on samples from the Aj horizon only (Figure 2.8). The 

magnification of these pictures ranges from 15,000 to 20,000 times the original grain 

size. SEM pictures allow the visualization of the surface of the whole microped shape, 

only. The soil samples from the Ai horizon present a very coarse, sandy, porous structure, 

sometimes with soil particle aggregates in long structures lying over other minerals 

(Figure 2.8). The clearly visible long tubular shapes have been associated by some 

researchers with some sort of fungal structure such as hyphae. Previous researchers 

(Oades and Water, 1991; Vrdoljak, 1998) observed similar aggregate morphology in 

oxisols. The soil’s porous structure is a reflection of the randomly aggregated kaolinite 

minerals bound together by iron and aluminum oxyhydroxides and NOM (Vrdoljak, 

1998).

TEM analyses were performed on untreated samples from Ai, Bw], and €% horizons 

and for soil samples from the Ai horizon after partial oxidation of soil NOM by NaOCl. 

TEM is the optimal microscopy method for observing soil structure (Vrdoljak, 1998) 

because the small thickness of the samples (60 nm) allows the electrons to pass through 

the samples. As a result, we can see the arrangement of minerals and organic material in 

the micropeds.

A staning technique was used in this study to distinguish soil NOM that had not been 

totally decomposed. It is a cytochemical staining technique, known in biological fields 

for many years, that has been used successfully in the characterization of organic material 

in soil structure (Foster and Martin, 1981; Santos et al., 1989; Vrdoljak, 1998). The 

staning technique is used to identify NOM in situ through the complexation of trace 

metals, in this case Os and U, with organic matter binding sites. As a consequence of
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F i g u r e  2 . 8 -  S E M  m i c r o g r a p h s  o f  u n t r e a t e d  s o i l  f r o m  t h e  A i  h o r i z o n  p r e s e n t i n g  a  c o a r s e  

g r a n u l a r  t e x t u r e  o f  m i c r o a g g r e g a t e s .
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staining of the NOM by OsOs and uranyl acetate, the organic materials are visualized as 

a slightly darker background color than the embedding resin.

The concept of soil aggregation hierarchy proposed by Tisdall and Oades (1982) was 

used in this study to separate the smaller aggregated soil unit (53 pm) and to describe the 

soil structure in the different horizons.

The identification of soil minerals using TEM is not always easy. In this particular 

case, kaolinite is the only mineral that could be identified by its geometrical shape. 

Neither gibbsite nor hematite appeared to be as well crystallized as kaolinite; they are 

present in the soil in poorly crystalline or microcrystalline, forms. Iron oxides have been 

located in kaolinitic oxisols in the size range of 20-60 nm, and distributed across kaolinite 

minerals of 150-400 nm (Vrdoljak, 1998). Iron oxides in these soils are believed to have 

the same range of size and to have the same relationship with kaolinite as described by 

Vrdoljak. Amorphous materials could also not be identified in the TEM micrographs due 

to their low concentration in these soils.

The following description of these oxisol samples will be based on the soil 

components easily identifiable in TEM (kaolinite and NOM). Other techniques such as 

elemental mapping (EDX -  spectroscopy) should be used for identification of soil 

minerals other than kaolinite. Below is a description of the soil structure in the different 

soil horizons.

Ai Horizon

The Ai horizon is the horizon with the greatest percentage of soil NOM (2.32%). 

NOM represents 10% to 20% of the soil aggregate total area and is found disseminated 

among soil minerals, isolated in discrete sites, or in filling up long soil structures (Figures
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2.9, 2.10, and 2.11). The NOM arrangement in soil, verified by TEM, is very important 

for answering some questions related to metal sorption to soil. The amount of soil NOM 

obtained from analytical techniques that measure the amount of organic carbon by the 

combustion of NOM does not give any information about how much of this NOM is 

available for chemical reactions. The Ai horizon is the closest to the surface and 

consequently it is the horizon with most biological activity. Fungal hyphae are likely 

creating the observed long soil structures long structures (Figure 2.9). Cells of plants are 

quite often filled with poorly crystalline minerals (Figure 2.9). Circular structures present 

in these soils are identified as organelle membranes; however, it is not possible to 

identify the organism because of the high degree of humification (Figure 2.10). Small 

mineral grains usually surround discrete organic material; such occlusion of soil NOM by 

mineral phases may help to protect the organic material from degradation. NOM is 

frequently associated with minerals either by being surrounding by them (cell 

membranes, discrete moieties) or disseminated among them as an aggregating agent.

Kaolinite is the predominant mineral in this and the other soil horizons. It is randomly 

distributed and constitutes 70% to 80% of all the observable minerals in the soil. 

Kaolinite is formed in subhedral to anhedral shapes and is generally subdivided into two 

mineral size populations: one with crystals of basal section diameter from 0.1 to 0.4 pm 

(well crystallized) and other population with crystals of basal section diameter smaller 

than 0.05 pm. These two populations are evenly distributed (suggesting 50% by mass of 

each type) in this top soil horizon and they are present in all soil horizons analyzed by 

TEM. The smaller grain size material is considered to be poorly crystalline in this 

research and its percentage in TEM images of soil (-50%) correlates to the soil digestion 

by sulfuric acids (Table 2.2). In fact “poorly crystalline” as used here refers either to 

small particles sufficiently crystalline to appear in TEM micrographs, or to paritcles 

dissolved by 50% H2 SO4 . There is no evidence to verify the correspondence of these two 

definitions other than the strong circumstantial evidence highlighted here.
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Bw2 Horizon

This horizon contains significantly less NOM relative to horizon Ai (Figures 2.12, 

2.13, 2.14). NOM is predominantly disseminated among minerals. No microorganism 

shapes are observed and only a phytolith recently deposited in soil was present in one of 

the micrographs (Figure 2.14). Kaolinite is randomly present in two grain size 

populations as in the Ai horizon; however, now the grain sizes smaller than 0.05 pm, the 

poorly crystalline group of minerals, is predominant (60% to 70%). Dark bands (Figures 

2.12 and 2.14) are artifacts from overlapping of wrinkled areas of the sample.

C] Horizon
No obvious structures are visible related to microorganism activity nor to plant 

residuals. In this horizon, NOM is disseminated among minerals in the soil matrix 

(Figures 2.15, 2.16, 2.17, and 2.18). The distinction of NOM by the use of the 

cytochemical staining technique is not so evident in this horizon. This fact suggests that 

NOM in this horizon is in an advanced stage of decomposition. Kaolinite still is the 

predominant mineral phase (60% to 70%) and the larger particle-size population (0.1 to

0.4 pm) is predominant (60%) in this horizon, indicating a stage of less advanced 

weathering compared to the horizons above. Some euhedral shapes of kaolinite are 

observed in this horizon (Figure 2.18). Irregular porosity of the soil matrix is also 

observed (Figure 2.16).
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F i g u r e  2 . 9  -  T E M  o f  a p p a r e n t  f u n g a l  h y p h a e  ( l o n g  s t r u c t u r e ,  i n d i c a t e d  b y  t h e  a r r o w s ) ,  i n  

u n t r e a t e d  s o i l  f r o m  t h e  A i  h o r i z o n .
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I pm

F i g u r e  2 . 1 0  -  T E M  o f  o r g a n e l l e  m e m b r a n e s  s u r r o u n d e d  b y  k a o l i n i t e  m i n e r a l  g r a i n s ,  

u n t r e a t e d  A i  h o r i z o n  o x i s o l .
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F i g u r e  2 . 1 2  -  T E M  o f  s o i l  m i c r o a g g r e g a t e s  f r o m  B w 2  h o r i z o n  s h o w i n g  s m a l l e r  g r a i n  

s i z e s  a n d  a  d a r k  b a n d ,  i n d i c a t e d  b y  t h e  a r r o w s ,  f o r m e d  b e c a u s e  o f  o v e r l a p p i n g  o f  

w r i n k l e d  a r e a s  o f  t h e  s a m p l e .



-

53

F i g u r e  2 . 1 3  -  T E M  o f  o x i s o l  a g g r e g a t e  f r o m  B w 2 h o r i z o n  w i t h  l e s s  s o i l  N O M  t h a n  s o i l s  

f r o m  A i  h o r i z o n .  T h e  m i c r o g r a p h  s h o w s  a  s m a l l e r  a m o u n t  o f  N O M  d i s s e m i n a t e d  a m o n g  

s o i l  m i n e r a l s .
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F i g u r e  2 . 1 4  -  T E M  o f  a  p h y t o l i t h ,  i n d i c a t e d  b y  t h e  a r r o w s ,  r e c e n t l y  d e p o s i t e d  i n  s o i l  o n  

t h e  l o w  r i g h t  s i d e  o f  t h e  m i c r o g r a p h .  A r t i f a c t s  c a u s e d  b y  w r i n k l e d  a r e a s  a r e  a l s o  p r e s e n t  

i n  t h i s  m i c r o g r a p h  ( B W 2  h o r i z o n ) .
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Ai Horizon after NaOCl treatment

A significant decrease in soil NOM and a relatively significant increase in soil 

porosity was observed after partial soil oxidation by NaOCl (5%) (Figures 2.19 and 2.20). 

No organic material related to cells of plant, fungi or bacteria was observed after 

oxidation, only a small phytolith is observe at the lower left comer of one micrograph 

(Figure 2.19). In addition, some NOM resistant to soil oxidation is observed in Figure 

2.19.

Even with a relative increase in soil porosity, the microaggregates are still cohesive, 

preserving the soil structure. This fact indicates that iron and aluminum oxyhydroxides 

either in amorphous or poorly crystalline stages are very important soil aggregation 

agents. This suggests that poorly crystalline iron and aluminum oxyhydroxides retain a 

primary role in keeping kaolinite particles together. Such interactions also explain the 

relatively small increase in soil surface area even after 87% of the original NOM has 

been oxidized. The increase in soil porosity is probably responsible for the 22% increase 

in soil specific surface area.

Conclusions
A soil profile, classified as Typic Acmstox (USDA) and as Dark Red Latosol 

(Brazilian classification), was evaluated with respect to physical and chemical properties. 

The soil is remarkably homogeneous in terms of chemical and physical composition 

throughout its profile as a consequence of the intense weathering to which the soil has 

been exposed. Tables 2.1, 2.2 and 2.3 summarize the properties o f the soil horizon as a 

function of depth. Soil NOM is one of the few soil components that vary in 

concentration along the soil profile. A positive relationship exists between the percentage 

of soil NOM and the soil CEC, indicating a dominant role of NOM in the cation 

exchange process (Figure 2.6).
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F i g u r e  2 . 1 5  -  T E M  o f  s o i l  f r o m  C 2 h o r i z o n  w i t h  l e s s  N O M  t h a n  i n  t h e  o t h e r  s o i l  h o r i z o n s .  

K a o l i n i t e  i s  p r e s e n t  i n  a  s u b h e d r a l  f o r m ,  i n d i c a t e d  b y  t h e  a r r o w s .  W e l l - c r y s t a l l i z e d  

m i n e r a l  g r a i n s  a r e  p r e d o m i n a n t  i n  t h i s  s o i l  h o r i z o n .
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F i g u r e  2 . 1 6  -  T E M  o f  t h e  N O M  d i s s e m i n a t e d  a m o n g  s o i l  m i n e r a l s ,  i n d i c a t e d  b y  t h e  

a r r o w ,  i n  s o i l  f r o m  C 2 h o r i z o n .  A g a i n  n o t e  t h e  l a r g e r  c r y s t a l  g r a i n  s i z e  i n  t h i s  h o r i z o n .
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F i g u r e  2 . 1 7  -  T E M  o f  N O M  i n  a d v a n c e d  s t a g e  o f  d e c o m p o s i t i o n ,  s o  a s  a  c o n s e q u e n c e  i t  

i s  h a r d  t o  d i s t i n g u i s h  b e t w e e n  t h e  c o l o r  o f  t h e  r e s i n  a n d  t h e  c o l o r  o f  t h e  N O M  c o m p l e x e d  

w i t h  U  a n d  O s .  T h e  a r r o w s  i n d i c a t e  t h e  N O M  i n  s o i l  t o  b e  c o m p a r e d  w i t h  t h e  c o l o r  o f  t h e  

r e s i n  t h a t  s u r r o u n d s  t h e  m i c r o a g g r e g a t e  ( C 2 h o r i z o n ) .
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F i g u r e  2 . 1 8  -  T E M  w i t h  a  d e t a i l e d  m i c r o g r a p h  s h o w i n g  t h e  r a n d o m  o r i e n t a t i o n  o f  

k a o l i n i t e  i n  t h e  C 2  h o r i z o n .  A r r o w s  i n d i c a t e  N O M  d i s s e m i n a t e d  a m o n g  s o i l  m i n e r a l s .
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F i g u r e  2 . 1 9  -  T E M  w i t h  a  d e t a i l e d  m i c r o g r a p h  o f  s o i l  N O M  f r o m  A i  h o r i z o n  r e s i s t a n t  t o  

N a O C l  ( 5 % )  o x i d a t i o n ,  i n d i c a t e d  b y  t h e  a r r o w s ,  a n d  i n c r e a s e  i n  s o i l  p o r o s i t y  a r o u n d  t h e  

N O M .
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F i g u r e  2 . 2 0  -  T E M  w i t h  a  d e t a i l e d  m i c r o g r a p h  i l l u s t r a t i n g  t h e  i n c r e a s e  i n  s o i l  p o r o s i t y  

a f t e r  N O M  o x i d a t i o n  b y  N a O C l  ( 5 % ) .  A r r o w s  i n d i c a t e  t h e  a r e a s  o f  i n c r e a s e d  s o i l  

p o r o s i t y .
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Three soil horizons (Ai, Bw2 , and C2) werre chosen to be studied in more detail to

further evaluate the physical and chemical properties of the soil with respect to NOM

concentration and association with other soil constituents (Table 2.4). The results

observed were:

1. The mineralogy of the soil’s clay-size fraction is constant along the soil profile with 

the mineralogical predominance in the order: kaolinite > gibbsite > hematite.

2. The whole soil (<2.0 mm) has almost the same mineralogy but with the addition of 

quartz and anatase.

3. Quartz is the first, second and third most predominant mineral, respectively, in the 

three soil horizons evaluated from the top to the bottom; anatase is always the least 

predominant mineral.

4. A small amount of amorphous material is present in the soil horizons, as defined by 

the chemical extraction method described by Schwertmann (1964). Although the 

amorphous material is low in terms of relative mass, it may play an important role in 

the sorption of trace metal in soil systems.

5. The point of zero surface charge was estimated for the three soil horizons; the pHpzc 

increased with depth in the soil horizon. The variation in pHpzc with depth 

corresponds to changes in the quartz and NOM concentration in the soil profile.

6 . The percentage of aluminum and iron, as determined by total soil digestion followed 

by ICP-AES analysis, remained constant with depth, at 16 and 8  %, respectively.

7. Sodium hypochlorite was determined to be the most efficient chemical for NOM 

extraction with the least impact on other minerals in the soil. Surface area was 

obtained in all three soil horizons before and after soil treatment with NaOCl. A 

small change (2 2 %) in soil specific surface area was observed for the Ai horizon; no 

changes in the specific surface area were detected for samples from the other soil 

horizons. These results may be explained by the central role that poorly crystalline 

iron and aluminum oxyhydroxides must be playing in soil aggregate maintenance.
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8. TEM analysis indicates that the majority of the NOM in this soil is either a) 

disseminated among soil minerals, interconnecting them, b) localized in discrete 

areas, or c) filling up long soil structures. NOM localized in isolated areas may have 

been the consequence of microbial activities (fungi hyphae, bacteria). However, the 

relatively high degree of NOM decomposition makes it difficult to clearly identify 

possible microbiological origin.

9. NOM in the top soil horizon occupies 10% to 20% of the soil aggregate area observed 

by TEM. Oxidation of soil NOM from the Ai horizon caused a significant decrease in 

the concentration of soil NOM and some increase in soil porosity. The increase in soil 

porosity may be correlated to the 22% increase in soil surface area. The non­

disruption of soil structure after oxidation by NaOCl, was attributed to the role that 

poorly crystallized iron and aluminum oxyhydroxides play in the maintenance of soil 

aggregates.

10. TEM results point out that NOM cannot be considered to exist only as a surface 

coating. It also exists as discrete particles that may be occluded in the soil aggregates. 

Thus the fraction of the NOM able to bind metals may be less than that indicated by 

total organic carbon analyses obtained by combustion techniques.
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Chapter 3

T h e  r o l e  o f  n a t u r a l  o r g a n ic  m a t t e r  (N O M ) in  t h e  a d s o r p t io n  o f  C o p p e r  in

AN OXISOL PROFILE.

Abstract

In the last few decades, many researchers have reported the influence of organic 

ligands in the sorption of ionic metals onto mineral surfaces (see for example: Davis and 

Leckie, 1978; Davis, 1984; Schindler and Stumm, 1987, Zachara et al., 1994). In most 

cases, organic ligands significantly increase or decrease the fraction of ionic metal 

adsorption onto metal oxide surfaces, depending on the mineral and the pH of the 

solution. The same behaviors are not always observed when the “ligand” is natural 

organic matter (NOM) and the sorption process involves trace metals and soils or 

sediments (Cavallaro and McBride, 1984; Singh et al., 1988; Xing et al., 1995; Smith, 

1991). It seems that NOM, present in certain soils and sediments, does not always behave 

as it does in a simpler system, such as studies of monomineralic laboratory systems. To 

investigate the role of NOM in the adsorption process of Cu(II) onto an oxisol profile, 

three soil horizons were well characterized and had their NOM fraction partially removed 

by oxidation with NaOCl (5% by volume). Copper adsorption edges before and after 

NOM oxidation show that there are only insignificant changes in copper sorption after 

NOM oxidation. In addition, sorption isotherms before and after NOM oxidation suggest 

that NOM is responsible for a maximum of 30% of the Cu(II) adsorption onto soil from 

the uppermost horizon. A;. This is a small contribution compared to other experiments of 

copper sorption on pure minerals in the presence of NOM. For the Bwa horizon, the 

oxidation of NOM actually increases copper sorption to the soil and for the C] horizon 

the oxidation has no measurable affect. The adsorption of Cu(II) was investigated over a 

pH range from 3.0 to 6.5, with one order of magnitude variation in the solution ionic 

strength. The results from sorption experiments suggest that the mechanism of the copper 

sorption to soil may have both inner-sphere and outer-sphere components.
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Introduction

Natural organic matter (NOM) occurs in essentially all surficial environments 

including soils, fresh surface and groundwaters, and marine systems. NOM in soil 

systems is widely recognized for playing an important role in regulating physical and 

chemical soil properties. NOM can affect soil properties such as buffering capacity, 

sorption of inorganic and organic compounds, stability of soil particles, and water- 

holding capacity (Wershaw, 1993). From an environmental point of view, NOM can 

significantly affect the sorption of toxic trace metals and organic pollutants (Jenne, 1998; 

Chiou, 1989). A better understanding of the role of NOM in the sorption of pollutants in 

soils can improve our ability to make accurate predictions of the fate and transport of 

pollutants in the subsurface. It can also aid in better estimates of the bioavailability of 

toxic metals, since NOM is well known to be a strong sorbent of trace metals (Davis, 

1984; Righetto et al., 1991; Ali and Dzombak, 1996).

The sorption of trace metals by minerals can be significantly affected by the presence 

of NOM. Several geochemists have reported the effects of NOM in the sorption of trace 

metals by different mineral sorbents (Table 3.1). The NOM generally affects the sorption 

of trace metals on minerals by increasing their sorption at low pH by complexing with 

organic functional groups attached to the mineral surfaces. And it reduces metals sorption 

at high pH due to complexation of metals with NOM that is not attached to mineral 

surfaces. Soil scientists and some geochemists who have worked with certain natural 

soils or sediments (Table 3.2) have observed different sorption behavior. NOM in these 

environments has been reported to play a limited role in the sorption of trace metals 

(Cavallaro and McBride, 1984; Singh et al., 1988; Smith, 1991). Soil mineral solubility, 

as well as their different abilities to sorb and compete with NOM for metals present in 

solution, makes the studies of metal sorption in natural systems a challenging one.
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Oxisols are an acidic type of soil predominant in the tropical savannas of South 

America and Africa. They formed as the consequence of intense weathering processes for 

long periods of time. The oldest oxisol in Brazil dates back to the Pleistocene (White, 

1978); therefore, most of the constant charge minerals (clays type 2:1) have already been 

leached. The most predominant minerals in these soils (i.e., those minerals remaining 

after the intense leaching) are quartz, kaolinite, hematite, and gibbsite. These minerals are 

rich in silicon, aluminum and iron and have a variable mineral surface charge (Van Raij 

and Peech, 1972; Charlet, 1986; Chorover, 1993).

The research reported herein is designed in part to test the hypothesis that oxisol 

NOM does not play a major role in the sorption of copper. Similar observations have 

been reported by other researchers who performed similar studies on acidic soils and 

sediments rich in iron and aluminum (Cavallaro and McBride, 1984; Singh et al., 1988; 

Smith, 1991). It is known that trivalent cations such as aluminum and iron bind strongly 

to humic substances (McBride, 1994) and can also compete with copper for the same 

binding sites (Stevenson, 1982).

The goal of this work is to estimate the role of NOM in the sorption of copper in three 

well-characterized oxisol horizons. A series of isotherms at pH 5.0 and sorption edges 

with pH ranging from 3.0 to 6.5 were performed before and after NOM oxidation by 

sodium hypochlorite (NaOCl) to quantitatively estimate the partitioning of copper to 

NOM. Two sets of sorption edges at different salt concentrations were performed to 

investigate the nature of copper complexation on oxisols (inner-sphere or outer-sphere 

complexation). The dissolution of aluminum and iron was monitored during the sorption 

experiments to evaluate the effect on copper sorption.
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Table 3.1 - Summary of metal sorption research in metal ion/organic ligand/mineral 

systems.

Sorbent Metal ion Ligand(s) Result Authors
HFO Cu(II), model Sorption behavior (e.g., orientation at Davis and Leckie

Ag(I) organic
acids

particle surfaces) o f  organic ligands must 
be considered.

(1978)

y-alumina Cu(II) and 
Cd(II)

lake NOM Cu complexation by sorbed NOM is 
stronger than Cu complexation by 
surface alumina groups; Cd not affected 
by sorbed NOM

Davis (1984)

natural sediments Pu(III,IV) lake and 
river DOC

Fractional metal sorption decreased as 
[NOM] increased

Nelson etal. (1985)

(am)-silica Cu(II) 2 ,2 -
bipyridine

Cu sorption is enhanced in the presence 
o f the bipyridine; non-sorption of 
uncoordinated bipyridine.

Schindler and 
Stumm (1987)

y-alumina, 
amorphous silica

Am, Th, 
Np, Pu

HA Extent o f  actinide sorption depends on 
the extent o f HA binding o f the actinide 
on the surface and in solution.

Righetto et al. (1991)

HFO Ni EDTA Fraction o f Ni sorbed depends on the 
component addition sequence; EDTA 
sorption was independent o f  sequence.

Bryce et al. (1994)

gibbsite, Al-goethite, 
kaolinite

Co(II) Leonardite 
humic acid

Mineral-bound LHA increased Co 
sorption.

Zachara et al. (1994)

quartz, hydrargillite 
and goethite

Zn(II) fulvic acid Zn sorption either enhanced or reduced 
in the presence o f  FA, depending on 
component ratios.

Duker et al. (1995)

goethite Ca, Zn, Ni, 
Cu, Co(II), 
Pb 
Cd

EDTA Ligand-like sorption o f  M-EDTA 
complexes

Nowak and Sigg 
(1996)

a-alumina citrate Enhanced Cd sorption in the acid-pH 
range; reduced Cd sorption in the 
alkaline pH range.

Boily and Fein 
(1996)

goethite Cu and Ca phthalic
and
chelidamic
acids

Enhancement o f  Cu sorption at low pH- 
values possibly due to the formation of  
Cu/acid ‘ligand-like’ surface complexes; 
Ca sorption unaffected by phthalic acid

Ali and Dzombak 
(1996)
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Table 3.2 - Summary of researches demonstrating the non-predominance of natural 
organic matter in the sorption of transition metal ions in soil/sediment systems.

Sorbent Metal ion Ligand(s) kesult Author (s)

Estuarine Cd(II) and
Natural organic 

matter
Natural organic matter did not atïected the 
sorption o f Pb(II) on estuarine sediments

Lion et. al. 
(1982)

sediments

Soils

Pb(II) 

Zn (II) and
Soil minerals and 

natural organic
Remove o f  natural organic matter by 
NaOCl either enhance or have little effect

Cavallaro, N. 
and McBride

Cu (II) matter on sorption and fixation o f Cu and Zn. M. B . (1984)

Soils
Cu(II),
Fe(III), Soil minerals and Less than 0.1% of the trace metals had their Singh, et. al..
Mn(II), natural organic soil partitioning associated to natural (1988)

Soils

and Zn (II)

Al(III),
Fe(III)

matter 

Clay minerals

organic matter.
Part o f Al(III) and Fe(III) complex with 
humus and block ionized carboxyl groups 
o f humus resulting in variable negative

K. Wada 
(1995)

Soils Cu(II) Mn oxides,

charges for humus, allowing sorption o f  
phosphate.
The extraction o f organic matter represents 
no obvious effect on the quantity o f Cu

Xing et.al. 
(1995)

Acid mine Cu(II)

organic matter 

Fe oxides, natural

retained.
Substantial differences in organic matter 
content o f  stream sediments made no Smith, K.S. et.

drainage organic matter difference in Cu(II) sorption edges al. (1998)
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Material and Methods 

Soil sampling and characterization

Soil samples for the experiments were collected from Brasilia National Park in 

Brasilia D.F. -  Brazil. A 2.0-meter deep trench and a 3.90-meter hole made by an auger 

allowed us to describe and classify ten soil horizons in the vadose zone (Figure 3.1). Soil 

samples were air dried and sieved into fractions smaller than 2.00 mm. Three soil 

horizons (Ai, Bwa, and C2) were selected for further studies of copper sorption by batch 

experiments before and after oxidation of the soil natural organic matter (NOM).

Sodium hypochlorite at pH 9.5 was the method of choice for the oxidation of most 

oxisol NOM without destruction of the oxide and kaolinite phases (Lavkulich and Wiens, 

1970). The method used here was the same as that described in Chapter 2, and now the 

treatement was also made on the other two soil horizons (Bwz and C2). An acid solution 

of HC1 at pH 2 was added to the remaining soil, after NaOCl treatment, and the mixture 

was shaken for a few minutes to lower the interstitial soil solution pH back to the natural 

soil acidic pH of 5.0.

Soil fractions were analyzed by x-ray diffraction (XRD). Soil samples were ground in 

a porcelain mortar and pestle prior to XRD analysis on a Scintag X-l diffractometer. 

Using a sample spinner, random oriented powder samples were submitted to Cu a  

radiation (45 kV, 35 mA). Sample parameters were as follows: scan range from 4° to 62° 

20 step size of 0.02, and counting time of one second. The relative intensity of the 

diffracted peaks was used to estimate the relative abundance of the different minerals in 

the soil and clay samples (Table 3.1). This estimation was possible due to the use of the 

software JADE + with s/m version 3.1 in conjunction with reference intensity ratios 

(RIR) of the phases present. X-ray analyses were made before and after soil treatment 

with sodium hypochlorite (NaOCl - 5% vol.) (Figure 3.2) and ammonium oxalate at pH 3 

in the dark to verify changes in the crystalline soil phases during chemical treatments.



F i g u r e  3 . 1  -  P i c t u r e  o f  t h e  s a m p l i n g  s i t e  s h o w i n g  t h e  d u g  t r e n c h  a n d  a  d e t a i l e d  p i c t u r e  o f  

t h e  t o p  s o i l  h o r i z o n s  i n  f i e l d .
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F i g u r e  3 . 2  -  X - r a y  d i f i f r a c t o g r a m  o f  a l l  s o i l  h o r i z o n s  b e f o r e  a n d  a f t e r  N a O C l  t r e a t m e n t .  1 

=  U n t r e a t e d  A i ,  2  =  T r e a t e d  A i ,  3  =  U n t r e a t e d  B w a ,  4  =  T r e a t e d  B w a ,  5  =  U n t r e a t e d  C 2 , 6  

=  T r e a t e d  C 2 .
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Soil bulk iron and aluminum composition, organic matter content, amorphous 

material content, specific surface area, and point of zero salt effect (PZSE) were 

estimated using the soil characterization methods described in Chapter 2. An example 

plot for the determination of the pHpzsn for soil from the A; horizon is presented in 

Figure 3.3.

Cu (II) sorption experiments
All soil samples used either for kinetic studies or for copper sorption experiments were 

treated with a series of NaNOg solutions of different concentrations to remove soil 

exchangeable ions. Ten grams of dry soil were mixed with 42.85 ml of 0.5 M NaNOg at 

pH 6.0 ±0.02 and gently shaken for ten minutes. The solution was then allowed to settle 

for one hour and the supernatant liquid was carefully collected by a 2 0 -ml glass pipette. 

The remaining solid received the same treatment a second time. Then the same volume of 

NaNOg solution at the same pH, but now 0.1 M, was mixed with the same soil material 

and gently shaken for ten minutes. After this period the soil solution was centrifuged at 

2500 rpm for 15 minutes and the supernatant liquid was carefully collected by a 20-ml 

glass pipette. This procedure was repeated once again. This last procedure was repeated 

once more, but now with 0.01 M NaNOg at pH 5.0 ±0.02. The range of pH used for the 

replacement of exchangeable ions was chosen to avoid a significant dissolution of low 

crystalline minerals and amorphous soil material (Charlet, 1986; Chorover, 1993). The 

remaining soil material was stored under refrigeration for further experiments, except for 

three sub-samples (< 0.5 g) that were placed in porcelain crucibles. The crucibles were 

weighed and then placed in an oven at 110°C for a period of 24 hours. A series of 

readings of the weights of the crucibles with soil material were taken during this period 

and the soil moisture content was measured at the end.
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The time required for the copper equilibration with oxisol was previously established 

by batch experiments mixed for 6  to 72 hours. The experiments were performed with a 

soil solution ratio of 3.3g/l at pH 5. Copper sorption is characterized by a rapid uptake 

followed by a period of slower prolonged sorption (Figure 3.4). ‘Equilibrium’ was 

defined as reached at a constant time of 24 hours. Such a ‘equilibrium’ time is in 

agreement with other researchers who worked with trace metals sorption to natural media 

(Lion et al., 1982; Coston et al. 1995; Guilherme and Anderson, 1998).

Sorption experiments at various copper concentrations at a fixed pH of 5 (isotherms) 

and varying pH from 3 to 6.5 (sorption edges) were performed. For both experiments the 

ratio of soil to solution was kept at 3.3 g/1 to facilitate comparison of results for different 

types of experiments. The copper solution concentration in the experiment varied from 5 

to 125 pM for the isotherm experiments; it was fixed at 10 pM for the sorption edge 

experiments. Copper solutions for sorption experiments was made from a copper ICP 

standard solution (9,500mg/l) diluted by Nanopure™ water. A specific weight of solid 

NaNOg was added to the copper solution to make the electrolyte concentration either 0.01 

or 0 . 1  moles/1.

Once soil material and the copper solution were combined in a clean 50-ml plastic 

centrifuge tube, the soil solution pH in each tube was adjusted by the addition of 0.1 

moles/1 HNOg or NaOH. Each set of experiments covered a pH range of 3.0 to 6.5. This 

is the natural pH range of oxisols in the field. The amount of acid and base added to the 

soil solution was less than 1 % of the total copper soil solution volume, so this dilution 

was considered insignificant during the sorption experiment. Solution pH was 

occasionally adjusted for the first 1 2  hours, and then the solution was gently shaken for 

another 24 hours and a final pH reading was taken at the end. The soil solution was then 

centrifuged at 2500 for 10 minutes, 10 ml of the supernatant liquid was filtered with a 

0.45 pm filter and acidified by adding 1% volume of concentrated HNO3 . This solution
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was analyzed by the Inductively Couple Plasma Atomic Emission Spectroscopy (ICP- 

AES - Perkin Elmer model Optima 3000). Quality control standards were analyzed 

before the sample analysis and an internal standard of scandium (1% of 500 ppm) was 

used to calibrate the instrument for fluctuations in plasma conditions.

Each ICP analysis gives the concentrations of 32 elements. In addition to copper 

concentration in the solution, iron and aluminum were also monitored to follow oxisol 

mineral dissolution. For each set of sorption experiments, three blank copper solutions, 

without soil material, were also measured for copper concentration at pHs 3.0, 5.0 and 

6.5. Copper sorption to the soil was determined by the difference between the total 

copper added and the dissolved-phase copper after equilibration. Each sorption point was 

made in duplicate and have all the sorption points are plotted.

Results 

Soil characterization
The oxisols characterized for this study are classified by the United States Department 

of Agriculture (USDA) method as Typic Acriustox. Table 3.3 presents a chemical, 

mineralogical, and physical characterization of the soil horizons. Both results are shown 

for soil analyses performed in duplicate. For soil analysis performed in triplicate, the 

mean and the standard error ( ) are shown.

Soil samples have a homogenous iron and aluminum bulk composition along the soil 

profile in a proportion of « 2:1 aluminum to iron (Table 3.3). The constant iron and 

aluminum concentrations along the soil profile are reflected in the soil mineralogy. In the 

soil clay fraction, kaolinite, an aluminum silicate, is the predominant mineral. This is 

followed by gibbsite, an aluminum hydroxide, and hematite, an iron oxide. Almost the 

same mineral predominance is observed in the whole soil ( < 2  mm) with the exception of 

quartz, a silicate mineral, which is the predominant mineral species in the top horizon, 

and the second most predominant in the intermediate horizon and the third most
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predominant in the deepest horizon. Rutile, a titanium oxide, is a minor mineral 

(approximately 1%) present in all horizons in the whole soil (<2 mm). Besides the 

decrease in quartz along the soil profile, soil NOM has a constant decrease from 2.32% to 

0.35% in weight percent carbon (Table 3.3).

Soil total digestion by strong acids also shows a uniform bulk composition of the soil 

profile in terms of iron and aluminum content. The results support the XRD analysis that 

showed a uniform chemical composition along the soil profile (Table 3.3).

To estimate the concentration of those portions of the iron and aluminum which are 

non-crystalline along the soil profile, extractions with ammonium oxalate at pH 3 in the 

dark (Schwertmann, 1964) were performed. The results show a small fraction of non­

crystalline material in these soils (less than 1%). There is a predominance of amorphous 

aluminum material over iron. The method used is operationally defined and does not give 

absolute values of the concentration of amorphous material in these soils. However, the 

analyses of these soil samples via transmission electron microscopy (TEM) support these 

results (Chapter 2).

To estimate the soil surface charge, salt titrations were performed to obtain the point 

of zero salt effect (PZSE) (Figure 3.3). Since there are no permanently charged minerals 

(clays 2:1) in these soils, the pH at the PZSE is equal to the point of zero net charge 

(PZNC), which is equal to the point of zero net proton charge (PZNPC) (Sposito, 1984; 

Charlet, 1986; Chorover; 1993). The PZSE results for these soils show an increase in the 

pH value from the top horizon (A%) to the lowest horizon (Cz) (Table 3.3). This increase 

in PZSE along the soil profile is correlated with the decrease in percentage of organic 

carbon (Van Raij and Peech, 1972). The higher the concentration of organic carbon in a 

soil sample, the lower its PZSE due to the negative charged associated with soil NOM 

(Morals et al., 1976; Bell and Gillman, 1978; Mendonça and Rowell, 1996).

Analyses of soil specific surface area were performed before and after soil organic 

matter oxidation by NaOCl (Table 3.3). The results show an increase by approximately
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22% in soil surface area for the Ai horizon after oxidation of soil NOM. The same 

increase in soil surface area is not observed in the other two soil horizons.

There was no significant change in soil mineralogy after oxidation of soil NOM by 

NaOCl. Only some decrease in the intensity of quartz peaks, on the XRD diffractrogram, 

was observed in samples from the Ai horizon (Figure 3.2). No mineralogical change was 

observed by the XRD analysis after extraction of the amorphous material with 

ammonium oxalate.

Copper sorption experiments
A kinetic study was performed with batch experiments to find the time required for the 

copper sorption reaction to soil to reach equilibrium (Figure 3.4). Despite the fact that 

copper sorption to monomineralic oxides usually reaches equilibrium in a few minutes to 

a few hours (Davis and Leckie, 1978; Spark et al., 1995a), results obtained from these 

oxisol experiments show a longer time to reach equilibrium. In my kinetic studies, copper 

sorption to oxisol is characterized by an initial rapid uptake followed by an extended 

period of slow sorption (Figure 3.4). Because of the prolonged gradual uptake, 24 hours 

were chosen as our ‘equlibrium’ time. Guilherme and Anderson (1998) also found that at 

lest 24 hours was needed to investigate the role of phosphate in the sorption of copper to 

oxisols.

Once a standard time for copper reactions with oxisol was established, copper 

isotherms were developed. The sorption isotherms were established at pH 5 and under the 

same conditions of solution ionic strength and soil solution ratio as for the sorption edge 

experiments. The experiments were performed before and after partial removal of soil 

NOM by NaOCl (Figure 3.5). All the isotherms were classified as Freundlich type 

(Figure 3.6). The sorption isotherm data were plotted on logarithmic scales of copper in 

solution versus copper sorbed to a mass of soil. The raw data (Appendix A) were all 

fitted using linear least square regression and the slopes for all of the different isotherm 

experiments were significantly less than one.
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Table 3.3 - Soil chemical, mineralogical and physical characterization.
Soil horizon: A! BW2 c 2
Soil % Weight

% Fe 1A 7.7 7.9

(duplicate) 7.6 7.9 8.5

% AI 15.4 16.2 16.3

(duplicate) 16.2 17.2 16.9

% Organic C 2.32 (±0.01) 0.84 (±0.003) 0.35 (±0.003)

Soil Mineralogy*

< 2 .0 mm Q>K>G>H>A K>Q>G>H>A K>G>Q>H>A

Clay fraction K>G>H K>G>H K>G>H

Amorphous Material**

Fe (g/Kg) 2 . 0 1 . 1 0.7

(duplicate) 1 . 6 1 . 2 0.7

Al(g/Kg) 2 . 8 2 . 8 1.5

(duplicate) 3.4 2 . 8 2 . 1

P.Z.S.E.*** 4.7 5.4 5.6

Surface Area (m2/g)****

Before 94.3 (±1.3) 118.6 (±2.3) 94.8 (±0.75)

After 114.8 (±0.1) 116.6 (±5.4) 94.9 (±1.9)

*Mineralogy: Q = Quartz, K = Kaolinite, G = Gibbsite, H = Hematite, A  = Anatase.
**Amorphous material: Ammonium Oxalate at pH = 3.0 in the dark (Schwertmann, 1964). 
***P.Z.S.E. = Point o f  Zero Salt Effect.
♦♦♦♦surface Area: B E. T. method before and after soil treatment with NaOCl (5% vol.).
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Dissolution of total aluminum and iron was evaluated during batch experiments for 

copper sorption to oxisols. The amount of total dissolved aluminum and iron per 

kilogram of soil before and after NaOCl treatment was plotted as a function of pH. 

(Figures 3.7 and 3.8). The results show different behavior for the unmodified and treated 

oxisols. The dissolution behavior is also different for each Fe and Al. For the aluminum 

dissolution from untreated soils, the maximum dissolution occurs at a low pH, decreasing 

with the increase of pH until pH 4.5. Then the aluminum dissolution increases from pH 

4.5 to pH 6.5. The iron dissolution from untreated soils is also a function of pH, but not 

as intensely as aluminum, and it varies in the range of 0 . 1  to 2 . 0  mmols per kilogram of 

soil with minimum dissolution at pH close to 4.5 (Figure 3.7). Chorover (1993) and 

Malengreau and Sposito (1997) observed very similar aluminum dissolution as a function 

of pH for the oxisols. For the treated soils, aluminum dissolution has the same pattern as 

the untreated soils at pHs lower than 4.5, except that in this case aluminum dissolution 

was two to four times more than the untreated soils (Figure 3.8). However, at pH’s higher 

than 4.5 the aluminum dissolution does not increase and remains at 2 to 5 mmols per 

kilogram of soil. For iron the same change in dissolution is also observed, but at less 

intensity. Iron dissolution for the treated soil samples reduces to values very close to zero 

in the pH range greater than 4.5.

Sorption edges were performed on soil samples from all three horizons before and 

after soil NOM oxidation by NaOCl at 0.01 and 0.1 M ionic strengths. All the sorption 

edges on untreated soil samples present a typical sigmoid shape of trace metals sorption 

to oxides (Davis and Leckie, 1978; Spark et al., 1995a) (Figure 3.9). The percentage of 

copper sorbed to the soil surface increases from approximately 10% at pH 3.0 to 90% at 

pH 5.0. No untreated sample at pH values more than 5.0 sorbed 100% of the copper in 

the solution. However, after oxidation of soil NOM by NaOCl, all soil horizons at pHs 

higher than 5.5 sorbed 100% of copper in solution (Figures 3.10, 3.11, and 3.12). 

Although copper sorbs to oxyhydroxides minerals in innersphere complexes (McBride,
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1982), in oxisols copper, may have a non-specific sorption component due to the 

influence of kaolinite, which binds copper as an ion-pair (Schindler et al., 1987; Spark et 

al., 1995b). In these experiments, increasing solution ionic strength caused a shift of the 

sorption edge to higher pH (Figures 3.13 and 3.14).

Discussion 

Soil characterization
The intense, extended weathering of the soil is the main reason for the homogeneous 

bulk chemical and mineralogical composition of any oxisol profile. All the feldspar 

minerals and possible constant charge minerals such as type 2:1 clays, have been leached 

from the soil. The remaining minerals, quartz, kaolinite, gibbsite, hematite, and anatase 

have a lower solubility constant than do the more leacheable minerals. Type 2:1 clays are 

also reported to be present in some tropical oxisols (Chorover 1993); however, they are 

not as abundant as kaolinite or oxyhydroxide minerals.

The results showing the amount of iron and aluminum in the studied oxisol profile 

reflect its soil mineralogy. Oxisols are typically clay types of soils that have their clay 

size minerals well structured in a very stable aggregate form (Chapter 2). The stable 

aggregates are formed because the soil net charge in oxisols (pH = 4.7 in this case) is zero 

at a pH very close to the natural soil pH (approximately 5.0-5.5), favoring attractive 

particle-particle interactions rather than repulsion (Lima, 1995). The clay-size fraction in 

the studied profile is predominately composed of kaolinite, gibbsite, and hematite (Table 

3.3). The first two predominant minerals have aluminum in their mineral structure. Iron 

is present in hematite but not in kaolinite or gibbsite. Therefore, the aluminum 

predominance over iron can be explained by the clay-size mineralogy. The percentage of 

organic carbon along the soil profile significantly decreases from 2.3% in the Ai horizon
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to 0.35% in the C2 horizon (Table 3.3). In this oxisol profile, no inorganic carbon was 

detected. Hence, the carbon present in each soil horizon is entirely from natural organic 

matter. The origin and amount of NOM in each environment is determined by processes 

such as decomposition of plants and animals, micro-organism activity associated with 

physical factors (climate, vegetation, parent material and topography), and time 

(Thurman, 1985). Therefore, the main reason for the higher content of organic matter in 

the top horizon is related to the abundance of biomass in this horizon in comparison to 

the lower soil horizons.

Amorphous material was considered in this study as the fraction of soil that does not 

have a mineralogical structure; therefore, while it can not be recognized by x-ray 

diffraction (XRD) it is visible by transmission electron microscopy (TEM). Among the 

various methods suggested to extract amorphous iron and aluminum oxyhydroxides, 

ammonium oxalate at pH 3.0 in the dark (Schwertmann, 1964) and hydroxy lamine 

hydrochloride 0.25 M at 50°C to 70°C are the most common (Chao and Zhou, 1983; 

Griffioen and Broers, 1993). Since hydroxylamine is able to reduce iron from crystalline 

minerals and it is not efficient at extracting aluminum from solid phases (Martins et al., 

1998), the ammonium oxalate method was the method chosen for my experiments. 

Results show a low fraction of amorphous iron and aluminum material. Similar results 

were also observed by other researchers that characterized oxisol profiles (Fey and Roux, 

1977; Fontes and Weed, 1991; Lima and Anderson, 1997). In spite of the fact that the 

method used to estimate the amount of amorphous material is based on an operational 

definition (Schuwertmann, 1964), the results seem to agree with observations on these 

soils made with TEM (Chapter 2). Trace amounts of amorphous material were found for 

this soil profile. However, there is a substantial percentage, roughly 50%, of poorly 

crystalline minerals that are not by definition amorphous (Chapter 2). This result has an 

important effect on the analysis of copper sorption to oxisol. Amorphous materials, as 

well as poorly crystalline minerals in natural systems, are well known to sorb large 

amounts of metals due to high surface areas and therefore high site density for metal
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binding (McBride, 1978a). The same observation is true for clay-size minerals. 

Consequently, some researchers conduct studies of metal sorption to soil using the soil 

clay-size fraction because this is the fraction that will sorb most of the metals due to high 

specific surface area (Charlet and Sposito, 1989). Since the soil studied here have a 

significant amount of poorly crystalline minerals, copper sorption is analyzed based on 

the clay size mineralogy.

To understand possible mechanisms of trace metal sorption to mineral surfaces, as 

well as other surface-related phenomena such as dissolution and colloidal reactions, a 

reliable estimation of mineral surface charge is required. Mineral surface charge is either 

caused by isomorphic substitution between ions of different valence inside the mineral 

structure or by reactions of surface functional groups with adsorptive species in the 

solution (Sposito, 1989 and 1992). In soil systems, the soil surface charge can be divided 

into four components, which should sum to a net per free surface charge rip (Sposito,

1989):

(Tp = CTo+ <3h+ a IS +  <*0 S ( 3 .1 )

(Jo is the soil structural charge created by isomorphic substitution in soil minerals like 

type 2:1 clays. The gh is the surface charge created by the difference between protons 

and hydroxyl groups adsorbed to the mineral surface. The gis is the surface charge 

created by inner-sphere complexes, other than H+ and OH", which are complexed with 

inner-sphere surface coordination. And finally, gqs is the surface charge created by outer- 

sphere complexes, which are complexed with outer-sphere surface coordination 

(Chorover and Sposito, 1995). In aquatic environmental systems, particle surface charges 

should balance out with ions that move freely in solution. These ions come from the 

diffuse layer, and the balance of the particle surface charge equation is:



100

Gp + ad = 0 (3.2)

Equation (3.2) is the general conservation law for the characterization of particle 

surface charge, ad  is the diffuse-layer surface charge required to balance a? in order to 

maintain electrical neutrality (Sposito, 1992). The points of zero charge are the pH values 

where one or more of the components in equation (3.1) vanishes at fixed conditions of 

temperature, pressure, and aqueous solution composition. Sposito (1992) provides a 

succinct discussion of the meaning of the different points of zero charge.

For the soils studied here, the point of zero salt effect (PZSE) is the pH where a series 

of titration curves intersect (Parker et al., 1979) (Figure 3.3). In soil systems where 

constant charge minerals are not present, the pH where the cation exchange capacity 

(CEC) is equal to the anion exchange capacity (AEG) should be equal to the PZSE 

(Charlet and Sposito, 1987; Marcano-Martinez and McBride, 1989). However, 

dissolution of aluminum at low pHs may cause this surface charge relationship not to be 

true (Marcano-Martinez and McBride, 1989). The aluminum dissolution could cause 

water hydrolysis, creating more protons in the solution than the amount used for the 

surface titration. This problem could be solved by the estimation of protons produced by 

the hydrolysis with the use of thermodynamic constants for aluminum hydrolysis and 

measuring the amount of aluminum in solution (Chorover, 1993). Nordstrom and May 

(1989) averaged the hydrolysis constants for aluminum hydroxides species provided in 

the literature and obtained a pK of 5.00 ± 0.04 for the following reaction:

A l3+ + H20  <-> A 10H 2+ + H+ (3.3)

The formation of protons by the hydrolysis reaction written above could be corrected 

for in the calculation of the point of zero net charge (PZNC) for pHs lower than 4.0, 

where the amount of aluminum release can cause hydrolysis (Chorover, 1993). Charlet
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(1986) did not measure the amount of aluminum in solution during titration and assumed 

that it was insignificant. From the results obtained in this study and the work developed 

by Chorover (1993) it is obvious that there is a significant release of aluminum in 

solutions of low pH (average 10 mmols/ kg of soil). The quantity of aluminum 

dissolution per mass of soil shows an average release of 3.3 x 10'5 M of aluminum in 

solution at low pH.

Here, constant charge soil minerals (type 2:1 clays) were not found by XRD analysis 

(Table 3.3) or by TEM analysis (Chapter 2). Therefore it can be assumed that there are no 

structural charges involved in these soils. In the case of soils composed of only variable- 

charge minerals, it is assumed that the PZSE is equal to the PZNC, which is equal to the 

soil point of zero charge (PZC) (Sposito, 1992). Since aluminum dissolution was not 

considered in the estimation of the PZSE, results here are a semi-quantitative estimation 

of the soil point of zero charge (PZC).

The results for soil PZSE in Table 3.3 show that the values of soil surface charge are 

greatest for the top horizon and increasing with depth. The higher concentration of NOM 

in the top horizon is the main cause of a lower surface charge in relation to the deeper 

horizons, since the soil mineralogy in the clay fraction does not change along the soil 

profile (Van Raij and Peech 1972). Another factor that could contribute to the drop of soil 

surface charge is the higher percentage of quartz in soil fractions smaller than 2.0 mm in 

the top horizon (Table 3.3). Quartz has a low PZC (2.0 -  3.0); its presence can cause the 

soil surface charge to decrease relative to a quartz-free system. The difference in the 

nature of NOM in the soil in the Bw] and C2 , as well as the low abundance of this organic 

material, may be the cause of a low variation of soil surface charge between these two 

horizons. NOM in the lower horizons is more decomposed (Chapter 2) and has lost 

important functional groups for copper binding through oxidation or binding to mineral 

surfaces. In fact, there is documented fractionation of NOM as it migrates to lower soil 

horizons (Mendonça and Rowell, 1996).
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NOM has the ability to sorb to mineral surfaces by different mechanisms (Davis, 

1982; Sposito, 1989; Gu et al., 1994). Mechanisms that could be involved during the 

sorption of NOM to mineral surfaces are: 1) anion exchange (electrostatic interaction); 2) 

ligand exchange-surface complexation; 3) hydrophobic interactions; 4) entropy effects; 

and 5) hydrogen bonding (Gu et al., 1994). Among these, ligand exchange is most 

commonly used to explain NOM sorption to iron and aluminum oxides (Tipping, 1981; 

Jardine et al., 1989; Gu et al., 1994 and 1995; Filius et al., 1997). By sorbing to mineral 

surfaces, NOM does not necessarily lose its ability to sorb to metals in solution or other 

mineral surfaces (Davis and Leckie, 1978; Tisdall and Oades, 1982). NOM in oxisols is 

present as discrete solid phases surrounded by minerals, filling up holes in the soil 

structure. Malengreau and Sposito (1997) performed diffuse reflectance spectroscopy 

before and after NOM extraction from oxisols and observed strong evidence that much of 

the NOM in oxisols is in the form of discrete solid phases. Santos et al. (1989) 

constructed ultrathin sections of undisturbed oxisol microaggregates and observed via 

TEM that the soil organic matter was not coating minerals but was locked-up in organo- 

iron complexes. Vrdoljak (1998) did a series of optical microscopy and TEM analyses of 

oxisols from uncultivated and cultivated areas in the Amazon rain forest. He observed the 

same arrangement of NOM inside the soil structure. In the TEM studies reported herein 

(Chapter 2) the same NOM arrangement in soil structure was observed. The estimated 

area occupied by NOM in the analyzed soil microaggregates from the Ai horizon ranges 

from 15 to 20% of the microaggregate total surface area. Vrdoljak (1998) estimated in 20 

to 42% the area that NOM occupies in his studied oxisols microaggregates. This area is 

filled up by different fractions of organic material with different ability to bind soil 

minerals.

Tisdall and Oades (1982) defined three organic binding agents: 1) transient 

(polysaccharides); 2) temporary (roots and fungal hyphae); and 3) persistent (resistant 

aromatic components associated with polyvalent metal cations, and strongly sorbed 

polymers). These three groups of natural organic binding agents were classified based on
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the age and degradation of the organic components. The first group is composed of 

organic materials that are decomposed rapidly by microorganisms. The most important 

aggregating agents in this group are the polysaccharides that are produced rapidly by 

microorganisms and associated with roots of plants. They are also decomposed rapidly 

and are usually associated with large stable aggregates (>250 pm). The second group of 

binding agents includes roots and hyphae. This group develops the ability to bind soil 

components in a few weeks to a few months. They persist in the field for months or even 

years, and the main aggregating agents in this group are roots, parts of plants, hyphae, 

saprophytic fungi, and vesicular-arbuscular mycrohizal fungi. This group is usually 

associated with young macroaggregates. The third and most important group of 

aggregating agents is also the most persistent group of binding agents. They consist of 

degraded, aromatic humic material associated with amorphous to poorly crystalline iron 

and aluminum oxyhydroxides and aluminosilicates. This association forms the large 

organo-mineral fraction of soil, which constitutes 52% to 98% of the total organic matter 

in soil (Turchenek and Oades, 1978; Tisdall and Oades, 1982). This group of aggregating 

agents is associated with clay size minerals between 1-20 pm and polyvalent cations such 

as aluminum, iron, and calcium.

NaOCl removed 87%, 67%, and 43% of the initial soil NOM present in horizons Ai, 

Bw2, and C2 respectively. Only in horizon Ai was there a significant increase in soil 

specific surface area (approximately 22%) after the partial oxidation of soil NOM; for the 

other horizons basically there were no changes in soil surface area (Table 3.3). NOM is 

an important soil aggregating agent, but not the only agent in tropical soils (Foster, 1978; 

Tisdall and Oades, 1982; Bartoli et al., 1991). Amorphous material and poorly crystalline 

oxyhydroxides should also be considered as soil aggregating agents. At natural soil pH 

values, iron and aluminum oxyhydroxides have positive surface charges and kaolinite, 

the major mineral in this soil, a negative surface charge. These characteristics should 

contribute to the aggregation of kaolinite by having oxyhydroxide minerals working as 

bridges between clay particles.
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In the Ai horizon, a small fraction of the NOM (non-oxidized by 5% NaOCl) is 

apparently responsible, with the amorphous and poorly crystalline minerals, for a large 

amount of soil particle aggregation. The role of amorphous material and poorly 

crystalline minerals become more important for soil aggregation since the percentage of 

NOM is significantly reduced.

Copper sorption experiments:
All sorption experiments in this study were performed at a soil:solution mass ratio of 

1:303 and a copper concentration of 10 pM. A simple copper sorption situation is 

assumed where all different soil sorbents (i.e., minerals, NOM, and amorphous material) 

are considered as only one soil sorbent. In this generalized composite (GC) sorption 

approach (Davis et al., 1998), an estimation of total site density for a complex mineral 

assemblage can be achieved by the multiplication of soil specific surface area by 

ferryhydrite site density (3.84 pM of site/m2) (Dzombak and Morel, 1990). If this 

assumption is correct for the oxisol samples used in this study, I would have a range of 

site densities from 3.6 x 10"4 to 4.4 x 10"4 moles of site per gram of soil. The 

concentration of moles of sites per gram of soil is approximately two orders of magnitude 

higher than the concentration of copper in solution. Studies of copper sorption to 

monomineralic systems have the molar site concentrations three or four orders of 

magnitude higher than copper (Benjamin, 1978; Davis and Leckie, 1978; Leckie et al., 

1980).

Kinetic studies at pH 5 were performed with the objective of estimating the minimum 

time required for the copper reactions to soil reach equilibrium (Figure 3.4). Initially the 

equilibration time was estimated to be 24 hours based on the work of Guilherme and 

Anderson (1998), who studied sorption of copper in kaolinitic and gibbsitic oxisols. For 

the first 24 hours of the reaction a first order reaction between soil and total copper was 

observed. This conclusion was obtained from a plot of the natural log of copper 

concentration in solution at certain time per total initial copper versus time in seconds
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(plot not shown). Experiments in this study used a constant soil/solution contact time of 

24 hours. This time is probably not sufficient time for total equilibration.

Sorption isotherm experiments were performed on oxisol samples before and after soil 

NOM oxidation by NaOCl to investigate changes in soil maximum sorption capacity 

(Fmax) (Figure 3.5). Figure 3.6 shows logarithmic plots of the data for the untreated soils. 

Before any analyses of the sorption isotherms are made, two things should be recalled. 

First, the oxidation of NOM by NaOCl was partial, removing 87%, 67%, and 43% of the 

total NOM from the soil horizons Ai, Bwz, and C], respectively. Second, the oxidation 

did not cause any observable changes in soil mineralogy with the exception of some 

quartz dissolution (Figure 3.2). However, quartz is not a major sorbent of copper in 

oxisol, but rather hematite, gibbsite, and kaolinite. Hence, the sorption isotherms before 

and after oxidation of soil NOM give us direct information about the role of soil NOM in 

the sorption of copper. The changes in r max for oxisols from different horizons before and 

after NOM oxidation are used to estimate the effect of NOM on copper sorption to 

oxisols.

For the Ai soil horizon, the concentration of NOM is the highest in the soil profile. 

NOM functional groups (carboxyl, phenol, carbonyl etc) are presumably able to sorb 

copper and compete with oxyhydroxide minerals for copper complexation (Davis and 

Leckie, 1980; Tisdall and Oades, 1982). Luoma and Davis (1983) estimated based on a 

literature review, that total NOM functional groups that can complex metal have a site 

density of 0.001 moles/ g of organic carbon. In this oxisol, the Ai horizon has an organic 

carbon percentage of 2.3% on a mass basis, which represents about 40-60 g NOM per 

kilogram of soil (since NOM is approximately 50%±10% C) (Thurman, 1985). 

Therefore, using the functional group density estimated by Luoma and Davis (1983), and 

assuming a complexation ratio of one metal ion per functional group, the NOM in one 

kilogram of Ai horizon soil should be able to complex a maximum of 40-60 mmols of 

copper. After soil NOM oxidation, r max drops by about 5.5 mmols per kilogram of soil
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(Figure 3.5). Therefore, the decrease in Fmax represents approximately 9-14% estimated 

maximum sorption capacity of the NOM. This supports the hypothesis that NOM plays 

only a minor role in copper sorption. This may be true because aluminum and iron are 

occupying the NOM sites that are favorable for copper complexation (McBride, 1994).

A second reality that could explain the minor importance of NOM in copper sorption 

in oxisols is the geometrical arrangement of the NOM in these soils. NOM may be 

serving as a binding agent for soil particles, filling gaps in the soil structure rather than as 

a coating on mineral surfaces. This does not by itself explain the small role of NOM in 

copper sorption, since TEM evidence shows that though, NOM in oxisols is not coating 

mineral particles, covering great amount of mineral surface, it is nevertheless occupying 

significant areas (15% to 20%) in soil that could sorb copper (Chapter 2).

In support of the first explanation, it is well known that aluminum and iron have high 

affinities for NOM carboxylic and phonemic groups attached to aromatic rings 

(Schnitzer, 1969; Gamble et al. 1970; De Coninck, 1980; Stevenson and Fitch, 1986; 

Senesi et al., 1989; McBride, 1994). Oxisol by definition is a type of soil that is rich in 

aluminum and iron (Table 3.3) (Macedo and Bryant, 1987; Chorover, 1993). It is also 

known that the toxicity of aluminum ions in soil solutions is attenuated by aluminum 

complexation with soil NOM (McBride, 1994).

Analysis of oxisol microaggregates by transmission electron microscopy (TEM) 

(Santos et al. 1989; Vroljak, 1998) and diffuse reflectance spectroscopy (Malengreau and 

Sposito, 1997) has shown that much of the soil NOM is not coating minerals. This 

supports the second explanation. Together, these realities explain why the role of NOM 

in copper sorption to oxisols is not so significant. To further evaluate this soil copper 

sorption capacity, a comparison should be made between the copper r max values obtained 

from this soil and from soil minerals that make up this soil. Another good source for 

comparison would be with different types of soils.

The sorption isotherm from the Bw] horizon presents a reverse result from that of the 

A] horizon. NOM in this soil horizon seems to block mineral sites for copper sorption.
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The Fmax in this soil increases 42% for the oxidized in relation to the untreated soil (9.5 

mmols of Cu (II)/ Kg of soil) (Figure 3.5).

The C2 horizon has a substantially lower NOM content than either the A, or Bw] 

horizons. Oxidation of this NOM, which is probably predominantly decomposed and 

thus not reacting to a great extent with trace metals, produces little or no change in the 

Fmax value. The NOM in the C2 horizon is therefore probably not active in Cu2+ 

complexation or in blocking mineral sites otherwise available for Cu2+ binding.

For analysis purposes, the experimental data for the untreated soils were plotted 

logarithmically and fitted to adsorption isotherm equations (Figure 3.6). All the plots 

were classified as the Freundlich type of isotherm. The same isotherm classification was 

found by other researchers that studied copper sorption to acid soils (Cavallaro and 

McBride, 1978; Msaky and Calvet, 1990). However, this conclusion is probably valid 

only for the low ranges of copper concentrations used in these experiments (5 pM to 125 

pM). The logarithmic sorption isotherms were fitted by linear regression (Kinniburgh, 

1986). The mathematical explanation is presented below:

n = kcp (3.4)

Log n = p Log k + p Log c (3.5)

Where n is the concentration of sorbed metal (e.g., mols/g), c is the concentration of 

metal in solution, k is an affinity parameter, and (3 is an empirical constant.

Evaluation of isotherms at different pH values may be useful for understanding the 

interface reaction stoichiometry (Honeyman and Leckie, 1986). This type of study would 

be helpful in the determination of more accurate postulated chemical reactions for 

modeling purposes.
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It is not possible to accurately postulate chemical mechanism merely from the analysis 

of the sorption isotherm (Veith and Sposito, 1977). The only information obtained from 

this study is in relation to the slope of the plots. The slope values for the three horizons 

Ai, Bw2 , and C2 are 0.35, 0.29, and 0.51, respectively. These values, less than one, are 

typical of heterogeneous systems such as soils (Sposito, 1984; Stumm, 1992).

Aluminum dissolution during sorption experiments before and after soil NOM 

oxidation was monitored by ICP-AES analysis. The results show the same pattern of 

aluminum and iron dissolution obtained by other researchers (Chorover, 1993; 

Malengreau and Sposito, 1997). Since NaNOg solutions supposedly removed all the 

exchangeable aluminum after sequential soil washings at different salt concentrations 

(Dahlgren and Walker, 1993), the soil NOM and the amorphous and crystalline mineral 

phases remain as the main sources for aluminum and iron dissolution. However, it is 

difficult to determine which of these sources is predominant.

Despite the difficulties in identification of the source of aluminum released from 

oxisols, some conclusions can be derived from analyses of these plots (Figures 3.7 and 

3.8). First, the aluminum and iron dissolution is a phenomenon common in oxisols and 

varies significantly as a function of pH. The large release of aluminum at pH’s above 5 (8 

to 14 mmols / Kg of soil) supports the notion that aluminum may be blocking soil NOM 

complexation sites. This is also expected for other acidic soils but not as much for neutral 

pH soils. The main sources for aluminum and iron dissolution are oxides and silicates, 

where the solubility is controlled by the concentration of charged species at the mineral 

surfaces produced by adsorption of proton and hydroxyl ions (Stumm and Wollast,

1990). In the case of acidic soils, a higher concentration of protons in solution should 

enhance aluminum and iron dissolution. Second, the increase in aluminum and iron 

dissolution at pH’s lower than 4.5 after NOM oxidation may be related to the unblocking 

of mineral sites that would release aluminum and iron at low pHs. Organic ligands 

(NOM) can enhance solid mineral dissolution, but can also inhibit it by complexing to bi- 

or multinuclear complexes or surface films and block surface groups that would
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otherwise be exposed to proton and hydroxyl ions (Stumm, 1992, McBride, 1994). Third, 

NOM could be strongly related to the release of aluminum and iron at pHs higher than 

4.5, since the solubility drops drastically in this pH range after soil NOM oxidation. 

However, the reasons for this relation are not entirely clear.

The monitoring of aluminum dissolution is very important for soil surface charge 

modeling as well as for surface complexation modeling. For development of these types 

of studies using oxisols, sample dissolution of aluminum and iron must be accounted for 

or the result may be biased.

The sorption edges for copper on untreated soil horizons were performed in the same 

pH range, soil solution ratio, and salt and copper concentrations as the oxisol samples that 

were treated with NaOCl. The plots of copper sorption to the untreated soil horizons have 

shapes similar to copper sorption to oxyhydroxide minerals (Davis and Leckie, 1978; 

Dzombak and Morel, 1990; Spark et al., 1995a) (Figure 3.8). The sorption edges are also 

similar to those for the sorption of copper to kaolinite with the exception that, in general, 

50% copper sorption (pHso) occurs at pH 5.5-6.0 for kaolinite (Schindler et al., 1987; 

Holm and Zhu, 1994; Spark et al., 1995b) and for oxisols it occurs at pH 4.0-4.5. This 

fact may suggest kaolinite participation in copper sorption to oxisols, but this comparison 

should be made with experiments using the same mineral/solution ratio, and my data is 

not comparable to literature values in this regard.

Another sorption parameter should be used to suggest kaolinite participation on copper 

sorption. The slope of the copper sorption isotherms for oxisols is less steep than those 

for pure oxyhydroxide minerals. This difference is due to the heterogeneity of surface 

functional groups present in soil and sediments (Davis et al., 1998). Another important 

aspect to observe is the shift of the sorption edge with depth in soil profile. This shift is 

not related to decrease of soil NOM content with soil depth, since partial oxidation of soil 

NOM does not caused significant shift in sorption edges (Figures 3.10, 3.11, and 3.12). 

One reasonable explanation for this shift in sorption edges is the higher concentration of 

amorphous material in the top soil horizons than in the lower soil horizons (Table 3.3).
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Higher iron and aluminum amorphous material will cause more sorption of trace metal 

than crystalline phases (Davis and Kent, 1990).

Soil NOM oxidation by NaOCl did not significantly affect copper sorption to the 

different oxisol horizons (Figures 3.10, 3.11, and 3.12), except at pH’s higher than 5 

where the treated soils sorbed more copper than the untreated soils. The sorption edge 

probably did not reach 100% copper sorption due to the relative small amount of soil 

used (3.3g/1) for the Cu concentration used (10 pM). However, the oxidation of soil 

NOM apparently made available some mineral sites that were not exposed for copper 

reactions in the natural soil. Since the most favorable sites for copper sorption were 

probably already occupied by aluminum and iron (untreated samples), soil NOM was not 

enhancing copper sorption to soil, but doing the opposite. The non-shift or change in 

sorption edge suggests that NOM is not important in the copper sorption on oxisols under 

these experimental conditions.

The sorption of copper to oxides or soils can be represented by chemical reactions that 

suggest an inner-sphere type of complexation mechanism:

=SOH + Cu2+ o  =SOCu+ + H+ K cu2+ (3 .7 )

{=SOCu*}{H*}  
c“*’ {= SOH} {CuOH*}

=SOH + CuOH+ =SOCuOH + H + K c „oh+ ( 3 .9 )

M SOCuOH }{/T}
Cu0H' {= SOH} {CuOH* }
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Where:

Soil surface functional group = =SOH 

Surface complexes = =SOCu+ and =SOCuOH 

Sorbates = Cu2+ and CuOH+

Proton released from surface = H+

Kcu2+ = adsorption constant for reaction (3.7)

K Cuoh+ = adsorption constant for reaction (3 .9 )

It is assumed in this case that hydrolysis is insignificant in the pH range used for 

copper sorption. Otherwise, soil hydrolysis reactions (equation 3.3) should also be 

postulated. Also, the adsorption constants have an electrostatic component that in certain 

cases should be taken into consideration for more accurate representation of the 

adsorption of metals to mineral surfaces (Davis and Leckie, 1978; Farley et al., 1985), 

and this was not done here.

These complexes do not have a water molecule interposed between the surface 

functional group and the bound molecule and are therefore classified as inner-sphere 

complexes, or specific sorption (Sposito, 1984). McBride (1978a) and (1982) studied the 

adsorption of copper to oxyhydroxide minerals using electron spin resonance and 

compared this non-labile sorption to the inability of these minerals to retain Mn2+, Ca2+, 

and Mn2+. He concluded that copper sorbs specifically to oxyhydroxides. Spark et al. 

(1995a) reached the same conclusion by varying the solution ionic strength during copper 

sorption to oxyhydroxides. He observed no effect on copper sorption. Experiments made 

in different types of soils for investigating the nature of metal binding to soil samples 

present similar results for soils that are not acidic. The types of reactions with copper are 

classified as specific sorption and the time required for the reactions to reach equilibrium 

is in the range of minutes (McLaren and Crawford, 1973; Aringhieri et al., 1985). For 

acidic soils, and oxisols are in this soil category, there is a greater likelihood for the soil 

organic matter to have its sites blocked by aluminum and iron due to the release of these
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elements from mineral and amorphous phases. In addition, sorption of trace metals on 

kaolinite is a non-specific or outer-sphere type of complexation. Since NOM does not 

have available the important functional groups for copper complexation, copper will 

preferentially sorb to mineral phases. Kaolinite is the predominant mineral phase in these 

oxisols. Therefore, copper sorption, in this type of soil, can be classified as a mix of 

specific and non-specific sorption. The maximum amount o f copper sorbed ( r max) to this 

type of soil is much less than the amount sorbed for neutral pH soils or organic soils 

(Misra and Tiwari, 1962 and 1966; Cavallaro and McBride, 1978 and 1984; Singh et al., 

1988). A non-specific complexation between copper and soil surface is represented 

below:

=SOH + Cu2+ + H+ -H- =SOH2+...Cu2+ (3.11)

Two sets of sorption edges for one order of magnitude difference in salt concentration 

were also performed. The results support what was observed by other researchers that 

studied copper sorption on acidic soils (Misra and Tiwari, 1962 and 1964; Cavallaro and 

McBride, 1978 and 1984). The sorption edges shift to a higher pH when the salt 

concentration is increased (Figures 3.13 and 3.14), but less than expected for a study of 

an outer-sphere complex (Spark et al., 1995b). This fact suggests that copper sorption on 

kaolinitic oxisols may have a non-specific sorption component. Therefore, if modeling of 

copper sorption to oxisols is performed, a non-specific type of complexation (equation 

3.11) should be also considered as well as the inner-sphere type of complexation.

Conclusions

A series of sorption isotherms and sorption edges were performed on a well- 

characterized oxisol profile before and after partial oxidation of soil NOM by NaOCl 

(5% by volume). Soil samples from Ai, Bwz, and C2 horizons showed a uniform bulk
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composition of Fe and Al along the soil horizon. The homogeneous bulk chemical 

composition is a consequence of the homogeneous identical clay size mineralogy 

where kaolinite was the predominant mineral followed by gibbsite and hematite. In the 

whole soil (<2mm), quartz was the predominant mineral in the top soil horizon, the 

second most predominant in the intermediate soil horizon, and the third most 

predominant in the deepest soil horizon. There were trace amounts of amorphous Fe 

and Al along this soil horizon, which is similar to results found by other researchers 

who characterized oxisol profiles (Fey and Roux, 1977; Fontes and Weed, 1991; Lima 

and Anderson, 1997). The percentage of soil organic carbon decreased with depth 

from 2.32% at Ai to 0.35% at Cj. The higher percentage of soil NOM in the top 

horizon was responsible for the low PZSE values of this horizon (Van Raij and Peech, 

1972). Poorly crystalline and amorphous materials were able to aggregate a majority 

of the soil clay size particles since the increase in soil specific surface area after NOM 

oxidation was minor.

Partial oxidation of soil NOM by NaOCl did not affect the soil mineralogy with the 

exception of some dissolution of quartz. However, quartz is not an important sorbent 

for copper. Sorptive interactions between oxisol samples and copper solutions are 

kinetically slow, requiring more than 24 hours for equilibration (Figure 3.4). This is in 

agreement with other kinetic studies involving copper and oxisols (Msaky and Calvet, 

1990; Guilherme and Anderson, 1998). During sorption experiments a significant 

amount of aluminum and iron is released from the soil into the solution. Aluminum 

concentration released is one order of magnitude higher than iron. However, patterns 

of metal release for both metals are the same, as a function of pH. They are high at pH 

3, decrease between pH values 3 and 4.5, and rise back up from pH 4.5 to pH 6, at 

which point the metal release is the same as at pH 3. The relatively high 

concentrations of aluminum and iron in solution at natural soil pH’s of 5 to 5.5 support 

the hypothesis that sites for copper sorption on soil NOM may already be occupied by 

aluminum and iron. Dissolution of aluminum to solution, after partial oxidation of soil
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NOM, increases two to three times at pH’s lower than four. This fact suggests that 

NOM was blocking mineral surface sites that were not exposed to dissolution by 

protons and hydroxyls in solution. At pHs higher than four, the aluminum dissolution 

decreases drastically.

Sorption isotherms for copper sorption to oxisols were classified as Freundlich 

isotherms with slopes less than one, which is expected for metal sorption to 

heterogeneous systems like soils (Sposito, 1984; Stumm, 1992). The partial oxidation 

of soil NOM caused ubiquitous results in soil isotherms. At the A, horizon the r max 

reduces after oxidation of soil NOM, and at the Bwz horizon it increases and at C2 soil 

horizon it is the same as before oxidation. This sort of behavior of r max was attributed 

to the abundance of soil NOM at the topsoil horizon. Copper sorption edges showed 

no significant effect o f soil NOM on copper complexation on oxisols, except at pH’s 

higher than 5.0 where the oxidation increased the soil sorption capacity by about 10%. 

This fact confirms the minor role of NOM in the binding copper to oxisol’s and 

suggests that the shifts in sorption edges at different soil depths are caused by the 

higher amount of amorphous material in the top soil horizon.

The increase in salt solution concentration, from 0.01 M to 0.1 M NaNOg, in batch 

experiments shifted the copper sorption to higher pHs. This is not observed for copper 

sorption on iron or aluminum oxyhydroxides. However, copper sorption on kaolinite is 

dependent on solution ionic strength (Schindler et al., 1987; Spark et al., 1995b). This 

fact suggests that kaolinite mineral surfaces may be involved in copper sorption in 

kaolinitic oxisols. Since copper sorbs on kaolinite with a non-specific type of 

complexation mechanism, a mix of specific and non-specific sorption is probably 

operative in copper sorption to these oxisols.
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Chapter 4

T h e  R o l e  o f  N a t u r a l  O r g a n ic  M a t t e r  (NOM) I n  C o p p e r  S o r p t io n  t o  

O x is o l s . T h e  I n f l u e n c e  o f  H ig h  F e  a n d  A l  C o n t e n t .

Abstract

In oxisols and other soils and sediments rich in Al and Fe oxyhydroxides, natural 

organic matter (NOM) is minimally involved in sorption processes of transition metals 

(Cavallaro and McBride, 1984; Smith, 1991). One hypothesized reason for this behavior 

is the abundance of non-NOM sites and the saturation of NOM binding sites by ferric and 

aluminum ions. Another is the geometrical arrangement of NOM in these natural 

systems, where NOM may not primarily occupy surface sites where it is available for 

chemical reactions. To investigate these hypotheses two sets of Cu (II) sorption edges 

were obtained on oxisol samples from the Ai horizon (20cm) of a Brazilian oxisol. One 

set includes untreated soil samples plus soil samples that had NOM extracted and the 

other set includes untreated soil samples plus soil samples that had additional NOM 

fractions sorbed to them. Soil NOM was extracted by 0.001M NaOH, 0.5 M NaOH at 

55°C, and removed by oxidation with 5% NaOCl. A portion of the NOM that was 

extracted by 0.001M NaOH was fractionated into ‘humic’ and ‘fulvic’ acids and these 

were later sorbed to soil to investigate their influence on Cu (II) sorption. Another 

sample of the NOM extracted by 0.001 M NaOH was exposed to a cation exchange resin 

(Chelex 100) to exchange ferric and aluminum ions. This ion-exchanged sample was 

also sorbed to the untreated soil to investigate the influence on the Cu (II) sorption. The 

modified and unmodified samples of NOM extracted from soil were characterized by 

several analytical techniques (total carbon concentration, UV-absorbance, and acid/base 

titration). Experimental results support the hypotheses stated above.
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Introduction

It is universally recognized that natural organic matter (NOM) in natural systems is a 

strong binding agent for mineral surfaces and dissolved metal ions (see for example 

Davis and Leckie, 1978; Davis, 1982 and 1984; Righetto et al., 1991; Murphy et al., 

1992; Zachara et al., 1994; Duker et al., 1995). NOM can bind to mineral surfaces by a 

variety of mechanisms (Sposito, 1989; Gu et al., 1994 and 1995) and change substantially 

the surface charge of minerals (Hunter, 1980; Tipping and Cooke, 1982; Davis, 1982 and 

1984). Changes in the oxide mineral surface charge can enhance the sorption of some 

trace metals at low pH’s and reduce sorption at pHs higher than five (Davis, 1984). Also 

NOM in solution can complex metals and change their spéciation and availability to 

plants and microorganisms (Stevenson, 1976).

One of the difficulties in studying NOM complexation with metals or sorption to 

minerals is its complex chemical composition. There is no chemically defined 

composition for NOM. It is best defined as a general class of biogenic, refractory, 

yellow-black organic substances that are ubiquitous in all terrestrial and aquatic 

environments (Aiken et al., 1985). Another factor that complicates the study of NOM in 

natural systems is the complexity intrinsic to soils and sediments. Soils and sediments are 

made up o f a suite of minerals with different degrees of crystallinity that are bound in 

clusters by amorphous material and organic matter. Each mineral has its own physical 

and chemical properties that will determine more or less its ability to complex metals or 

NOM from solution.

To avoid some of the complexities involved in studying the role of NOM in natural 

systems, a common approach is to extract NOM from a natural system, and then treat this 

NOM to remove impurities (e.g., minerals, complexed ions) and/or to fractionate it into 

operationally defined fractions (e.g. humic and fulvic acids) to reduce the chemical 

complexity intrinsic to the initial material. On the other hand, to investigate the role that
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each soil component might play in a natural system, single minerals are either prepared in 

the laboratory or purchased for the development of experiments.

Working with laboratory systems that include single pure minerals and protons and/or 

trace metals (Parks and DeBruyn, 1962; Stumm et al., 1970; Davis and Leckie, 1978; 

Honeyman, 1984; Dzomback and Morel, 1990) or single pure mineral and trace metals in 

the presence of NOM (Davis, 1984; Charandrakanth et al., 1996; Schoroth and Sposito, 

1998; Lenhart and Honeyman, 1999), researchers answered some basic questions about 

the sorption relationships among pure oxide minerals, trace metals, and NOM.

However, application of such fundamental knowledge to studies of the role of NOM in 

the sorption of trace metals in natural systems rich in iron and aluminum is problematic. 

Cavallaro and McBride (1984) reported both enhancement and no effect in the sorption 

of copper and zinc to an acidic soil clay fraction after NOM oxidation by hypochlorite. 

Smith (1991) did a series of sorption edges with trace metals in systems contaminated 

with acid mine drainage and observed the same sorption shapes for more organic-rich 

sediments and sediments with low organic content.

NOM has also been shown to play a minimal role in the sorption of copper to soil 

samples from a Brazilian oxisol profile (Chapter 3), despite the fact that NOM is the 

predominant determinant of cation exchange capacity (CEC) in these soil samples 

(Chapter 2). The research described here is designed to test the following hypothesis 

concerning the interactions among soil minerals, NOM and copper sorption: The NOM 

bound to oxisol minerals is highly saturated with iron and aluminum, precluding the 

availability of sites for copper binding.

Materials and Methods 

Materials
All reagents used in the experiments described below were conducted using reagent 

grade chemicals that meet or exceed the latest American Chemical Society (ACS)
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specifications for reagent grade chemicals. All solutions were made with Nanopure™ 

water. All glassware was submersed in an acid bath (2% HNO3) for at least 24 hours 

followed by triplicate rinses with dionized water and submersion in a Nanopure™ water 

bath. The glassware was then dried before use.

Filtration was performed with GelmanScience™ Supor Acrodisc 45 pm filters, after 

copper sorption batch experiments were centrifuged in a Fisher Scientific Marathon™ 

model 12KBR. Acidification was done with a 1% volume of concentrated HNO3 . Then 

samples were analyzed for a suite of metals by Inductively Coupled Plasma Atomic 

Emmission Spectroscopy (ICP-AES) using a Perkin Elmer model Optima 3000 

instrument (Boss and Fredeen, 1997) (see also Chapter 3).

Solutions were analyzed for organic compound concentration on a total carbon 

analyzer (Shimadzu TOC 500). Before each analysis samples were bubbled with N2 gas 

for a few minutes to remove CO2 .

The surface areas (BET) of all the samples before and after the removal of soil organic 

carbon were measured. Soil specific surface area was determined using a Micromeritics -  

Flow Sorb II 2300™. This instrument can measure surface areas in the range of 0.1 to 

300 m2/g, using a single point method. This method is based on the absorbency of a gas 

mixture (30% N2 and 70% He) at one specific partial pressure (10 lb/in2), forming a 

molecular monolayer of the gas on the surface of the adsorbent. The method used for the 

analysis is in the instrument manual.

The soil material that had part of its organic matter oxidized or extracted by 0.001 or

0.5 M NaOH treatments had subsamples collected and placed in porcelain crucibles that 

were put in an oven at 110°C for 24 hours. After being dried these samples were analyzed 

for total carbon content in a total carbon analyzer (UIC-Coulometrics Model 5011 CO2 

Coulometer). The method used for this analysis was the method from the instrument 

manual. The results were used to determine the amount of organic carbon removed from 

soil for each technique (Chapter 2). Soil organic carbon percentage for untreated soil 

samples were determined using the same instrument and procedures.
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Samples of NOM extracted from the Ai soil horizon with 0.001 M NaOH treatments 

were subjected to several different treatments and were subsequently sorbed to untreated 

soil from the A] horizon. The types of NOM were: 1) unmodified extracted NOM; 2) 

NOM extracted and treated with a Chelex 100 resin; 3) NOM extracted and fractionated 

into ‘humic’ acid; and 4) NOM extracted and fractionated into ‘fulvic’ acid. All NOM 

samples were sorbed to soil in the batch experiments (see below).

Acid-base titration of the NOM was performed using an automated computer 

controlled titrator. It was equipped with a Ross Orion semimicro combination electrode. 

A 50-ml borosilicate glass titration cell (from Wheaton Scientific Glassware) had two 

outlets for the introduction of pH electrode, acid and base hoses, and an N  ̂hose. The cell 

had double walls where water from the water bath, pumped by a VWR Scientific 

peristaltic pump model 1141, could circulate through the cell walls and keep the 

temperature constant at 25°C ± 0.1 °C. Automatic injections of 0.1 M HC1 or 0.1 M NaOH 

were performed by computer controlled Gilmont micro-burettes. The acid and base 

solutions used for all titrations were prepared with GO^-ffee Nanopure™ water and were 

standardized using sodium carbonate (NaCOs) and potassium hydrogen phthalate 

(KOOCC6H4COOH), respectively.

Cupric ion activity was monitored by the use of an ORION ion selective electrode 

Model 9629 ionplus™ with a built-in reference cell connected to an ORION 

RESEARCH microprocessor ionoanalyzer/901 voltmeter. Hydrogen ion activity was 

measured with an ORION combination pH electrode connected to a Beckman 045 pH 

meter. This type electrode was also used for measurement of soil solution pH from batch 

experiments.

The instrument used for the UV analyses was a Perkin Elmer Lambda 11 UV/VIS 

spectrometer. Triplicates of each sample were scanned four cycles with wavelength 

ranging from 250 to 290 nm. In this wavelength range, absorbency would represent a 

surrogate for aromatic moieties in the NOM sample (Skoog and Leary, 1992).
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NOM extraction and oxidation

NOM was removed from Ai soil horizon samples by three different procedures of 

increasing severity:

1. Extraction with 0.001 M NaOH at ambient temperature.

2. Extraction with 0.5 M NaOH at 55°C.

3. Oxidation with a 5% NaOCl.

For the extractions, NaOH solutions were prepared from solid NaOH. A soil/solution 

ratio of 1:20 was used in all experiments. For the experiments using 0.001 M NaOH, the 

extraction was performed in 250-ml Erlenmeyer flasks with mild continuous agitation 

using a Teflon stir bar. Periodic drop wise additions of 5 M NaOH were used to maintain 

a constant pH of 11.0. Changes in pH were used as an indication of the progress of the 

extraction. Changes in pH generally ceased after 24 -  36 hours. Extractions were 

allowed to continue until 48 hours elapsed time to assure complete reaction.

For extractions with 0.5 M NaOH there were no pH adjustments. The soil solutions 

were contained in sealed glassware for the entire 48 hour period in an oven at 55°C. In 

both extractions the soil solution was separated from soil particles by centrifugation at 

2500 rpm for 15 minutes. The supernatant was collected, filtered, and adjusted to near­

neutral pH by the addition of concentrated HNO3 . This was done to minimize hydrolysis 

of NOM functional groups such as esters (Bowles et al., 1989) during subsequent storage. 

The separated soil and NOM samples were then refrigerated at 4° until use. Extracted 

NOM solutions were diluted ten times with Nanopure™ water, and the solution pH 

reduced to less than four. These solutions were analyzed for total organic carbon (TOC).

Sodium hypochlorite at pH 9.5 was the method of choice for the oxidation of most 

oxisol NOM without destruction of the mineral phases (Lavkulich and Wiens, 1970). 

Most of soil organic carbon (87%) was removed without affecting the soil mineralogy 

(Chapter 2). Lavkulich and Wiens (1970) obtained similar results with respect to NaOCl 

selectivity. This oxidizer was first used for this purpose by Anderson (1963) and later by
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several others (Lavkulich and Wiens, 1970; Hoffman and Fletcher, 1981; Papp et al. 

1991). The method used here is that of Papp et al. (1991). One gram of soil was mixed 

with six milliliters of 5% NaOCl solution adjusted to pH 9.5 with 6 N HC1. The soil 

solution was then put into a boiling water bath for 15 minutes. The soil solution was then 

centrifuged at 2500 rpm for 15 minutes and the supernatants were filtered and acidified. 

This procedure was repeated four times. The supernatants were further analyzed by ICP- 

AES. Then an acid solution of HC1 at pH 2 was added to the remaining soil and the 

mixture was shaken for few minutes to drop down the interstitial soil solution pH back to 

the natural acidic soil pH of 5.0. The soil material was kept under refrigeration prior to 

the execution of any experiment.

NOM characterization
NOM from the relatively mild extraction of Al horizon oxisol samples was chosen for 

additional experiments. This NOM represents an easily-extracted portion of the soil 

NOM and remains in solution over the pH range used in subsequent experiments:

NOM was separated into fractions similar to classically defined humic and fulvic acids 

by dropping the pH of 100-ml of the NOM solution to 1.0 by the addition of 0.9 ml of 

concentrated HNO3 (Thurman, 1985) in polycarbonate centrifuge bottles. The solutions 

were then centrifuged at 2500 rpm for 30 minutes. The supernatant was carefully 

removed using a pipette (Mohr) and the remaining (mostly solid) material in the bottle 

(i.e. humic acid) was diluted to 100 ml by the addition of Nanopure™ water. Then the pH 

was increased to 10.0 by the addition of 0.6 ml of 0.5 M NaOH to dissolve most of the 

humic acid fraction.

Chelex 100 chelating ion exchange resins (from BIO RAD, Inc.) were used in batch 

experiments to attempt to exchange hydrogen for ferric and aluminum ions, as well as 

other trace metals present in the unfractionated NOM from 0.001 M NaOH extraction of 

the Ai horizon soil. One gram of Chelex resin was used for each 10 ml of NOM extract 

solution. A NOM/Chelex mixture of 170 ml was adjusted to 4.07 ± 0.02 by the addition
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of 0.375 ml of concentrated HNO3 and gently shaken for 72 hours. The Chelex-NOM 

mixture was then centrifuged at 2500 rpm for 15 minutes and the supernatant was 

carefully collected. Then the solution was filtered to assure that no Chelex resin remained 

within the NOM solution.

Metal contents in the different samples of extracted NOM were measured after the 

organic matter was oxidized by 30% volume H2O2 . A volume of 0.5 ml of a given NOM 

sample was mixed with 4.5-ml hydrogen peroxide and gently stirred for a period of 48 

hrs. Then, prior to the ICP-AES analysis, this solution was acidified by concentrated 

HNO3 at 1% of the solution volume and spiked with a 500-ppm scandium solution, also 

at 1% volume. Scadium is an element rarely found in natural systems; therefore, it is used 

in the ICP-AES protocol for quality control of the metal concentrations in solution. 

Oxidation of the organic carbon in solution was never complete. Hydrogen peroxide was 

able to oxidize approximately 72% (±1.9%) of the initial organic carbon. Therefore, 

when the oxidized solution was adjusted to pH approximately 1 for the ICP preparation, 

some sedimentation of colloidal humic acids was visible after the solution has been 

sitting for few hours. To obtain a uniform concentration of the NOM solution the tube 

was shaken for few seconds to cause the NOM dissolution and then this solution was 

analyzed on the ICP-AES.

Individual NOM samples for acid base titrations were made by dilution of the NOM 

stock solution to achieve an organic carbon concentration of 60 mg/L. The ionic strength 

was adjusted to 0.01 M by the addition of NaNOs. After the first acid and base titrations, 

more salt was added to increase the ionic strength to 0.1M. Before the beginning of any 

acid or base titration, the NOM solutions were bubbled for 2 hours with N2 gas in a 

sealed titration cell to create a C0 2 -free solution. The solutions were kept sealed during 

titrations. Acid titrations were performed from pH 3.3 to 10.0 followed by basic titrations 

from pH 10.0 to 3.3. Blank acid and base titrations were also run with Nanopure™ water 

with the same conditions of pH , solution ionic strength, but with no NOM in solution.
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Copper titrations of NOM solutions were performed in 100 ml glass beakers. The 

beakers were wrapped in aluminum foil to minimize light interference with the electrode 

surface (Skold, 1999). The titrations were performed at room temperature, 25 °C at pH 

6.0 ± 0.02 with 50 mmoles/1 KNO3 as background electrolyte. At this salt concentration 

the slope of the blank copper titration is close to a Nerstian slope (e.g., 29.6 mV/ log Cu 

2+) (Skold, 1999). NOM stock solutions were diluted with UV water to a concentration of 

10 mg C/1 for all titrations. The solution pH was reduced to 4.0 ± 0.02 using a few drops 

of 0.1 M HNO3 . Titrant solutions were bubbled with oxygen-free N2 gas for a period of 

one hour before each titration, in order to produce a CO2 free atmosphere before the 

titrations. After one hour, the solution pH was raised to 6.0 ± 0.02 by the addition of few 

drops of 0.1 M NaOH. A gentle stream of nitrogen gas was maintained inside the titrator 

during the titration. Small increments (< 5pL) of 0.1 M of HNO3 or NaOH were added to 

the solution to keep the pH constant through out the titration. Before and after each 

titration, the cupric selective electrode and the pH electrode were rinsed in 0.01 mole/1 

HNO3 for five minutes to dissolve any metals remaining on the electrode surface. After 

that, the cupric electrode surface was polished using a 3 pm aluminum oxide-coated sheet 

to fully clean the electrode surface. The electrodes were stored in a 0.1 M KNO3 solution 

for at least fifteen minutes before each use for stabilization purposes. Blank copper 

titrations were initially conducted by the addition of copper ions obtained from the 

dissolution of Cu(C1 0 4 )2 .6 H2 0 . Calibrated mechanical pipettes were used to deliver 50, 

100, 200, 500, and 1000 pi of copper solution of concentrations from 1 x 10"3 to 1 x 10' 1 

mole/1 to a 100 ml titrant solution. Exactly the same procedure was performed for the 

NOM titations, so each point in the blank titration has a corresponding point in the NOM 

titration. Blank copper titration results produce a straight line, with slope close to 29.6 

mV/ log free copper. This plot was used to calibrate the cupric electrode and to check its 

expected Nerstian response. During the titration, two electrode readings were taken after 

each copper addition. A stir bar inside the titrator mixed the solution until equilibrium
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was reached at which point the stir bar was stopped and the readings taken. Equilibrium 

was assumed when the change in e.m.f. was less than 0.2 mV/minute over two 

subsequent minutes. Duplicates of the Cu(II) titration with NOM before sorption to soil 

were performed and present an excellent reproducibility of the data with difference in 

e.m.f. from the first titration data smaller than 0.4 mV.

An ultra violet light adsorbance technique was used to characterize untreated NOM 

and NOM fractionated into humic and fulvic acids. The analysis was performed on liquid 

samples diluted from different types of NOM obtained from stock solution and then 

placed in quartz cells. The organic carbon concentration in solution was from 5 to 6  

mg/L, so the absorbance in all the samples was less than one.

NOM sorption to soil
Soil samples were pretreated with different concentrations of NaNOg solutions to 

replace exchangeable soil cations with sodium before receiving the different types of 

NOM described above (Charlet, 1986). The soil solution was shaken for 42 hours with 

periodic pH adjustments. At the end of the sorption period, soil solutions were 

centrifuged at 2500 rpm for 30 minutes. The supernatant was carefully collected with a 

25 ml glass pipette, and the remaining soil was washed a few times with 0.0001 M nitric 

acid to remove the interstitial NOM that was not sorbed to the soil. Three small sub­

samples of the remaining solid were collected in a porcelain crucible for measurement of 

the interstitial soil moisture content and also for later measurement of the organic carbon 

increase due to sorption. The remaining solid was stored under refrigeration at 4°C until 

further use.

The soil/solution ratios for the sorption experiments for the four different types of NOM 

(1- unmodified extracted NOM; 2- NOM extracted and treated with a Chelex 100 resin; 

3- NOM extracted and fractionated into humic acid; and 4- NOM extracted and 

fractionated into fulvic acid) were 1:70, 1:90, 1:55, and 1:50 respectively. All sorption 

experiments were performed in clean centrifuge bottles at pH’s 3.85, 4.06, 3.96, and 1.13
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respectively. Aliquots of soil solution were collected after sorption to evaluate the 

amount of NOM sorbed to soil.

Cu (II) sorption to soil

All soil samples that were used for NOM and/or ionic copper sorption experiments 

were pretreated with NaNOg solutions to replace exchangeable cations. Charlet (1986) 

used a similar approach in experiments to measure the sorption of monovalent and 

divalent cations to oxisol samples.

Ten grams of dry soil were mixed with 42.85 ml of 0.5 M NaNOg at pH 6.00 ±0.02 

and shaken gently for ten minutes. Then, the mixture was allowed to settle for one hour 

and the supernatant was carefully collected using a 20-ml glass pipette. The remaining 

soil received the same treatment once again. Then the same volume of 0.1 M NaNOg at 

the same pH was mixed with the soil material and gently shaken for ten minutes. After 

this period the soil solution was centrifuged at 2500 rpm for 15 minutes and the 

supernatant was carefully collected using a 20-ml glass pipette. This rinsing procedure 

was then repeated. Finally, an equal volume of 0.01 M NaNOg at pH = 5.00 ± 0.02 was 

used as a rinse. The pH range used for the replacement of exchangeable cations was 

chosen to avoid significant dissolution of low crystalline minerals and amorphous soil 

material (Charlet, 1986; Chorover, 1993).

The treated soil was then placed in storage under refrigeration except for three sub­

samples (< 0.5 g) that were placed in porcelain crucibles of known mass. The crucibles 

were weighed and placed in an oven at 110°C for 24 hours. A series of weighings of the 

crucibles with soil material were taken during this period and the soil moisture content 

was determined.

All copper sorption experiments were made using a dry soil/solution ratio of 3.3 g/1. 

The total copper concentration in the absorption vials (50-ml plastic centrifuge tubes) was 

always 1.0 x 10"5 M. Based on a previous kinetic experiment the copper sorption reaction 

with oxisols was allowed to proceed for 24 hours (Chapter 3). This equilibration time is
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in agreement with that used by other researchers who studied copper sorption to oxisols 

(Guilherme and Anderson, 1998). Copper solutions were made from dilution of an ICP 

standard solution for copper analysis. Then a specific weight of solid NaNOg was added 

to the copper solution to make the electrolyte concentration of 0.01 M. Once soil material 

and copper solution were mixed the soil solution pH in each tube was adjusted by the 

addition of 0.1 M HNO3 or NaOH. Each set of experiments covers a pH range from 3.0 to 

6.5. The soil solution was gently shaken for 24 hours, time necessary for copper sorption 

to soil reach the assumed equilibrium (Jarvis, 1981; McLaren et al., 1981 and 1983; 

Msaky and Calvet, 1990). The amount of acid and base added to soil solution was less 

than 1 % of the total copper soil solution volume, so this dilution was considered 

insignificant during the sorption experiment. Adjustment of solution pH was effectuated 

for the first 12 hours, then the solution was gently shaken for another 24 hours and a final 

pH reading of each sample was taken. Each sorption point was made in duplicate. 

Subsamples of soil solution were collected after copper sorption experiment to measure 

the amount of organic carbon in solution.

Results 

NOM extraction and oxidation
Two NOM extractants and one oxidizing agent were used in efforts to remove the 

organic carbon material from Ai horizon oxisol samples (Table 4.1). All 

extraction/oxidation experiments were performed in the open atmosphere with no added 

salt. In these experiments there was a reference sample also from the A\ horizon that was 

used as a control sample to evaluate the efficiency of each NOM removal technique 

(Table 4.1). The purpose of the use of different extractants was to attempt to remove 

different fractions of the oxisol NOM. For extractions with basic solutions (0.001 or 0.5 

M NaOH), material balance calculations revealed organic carbon losses less than 5% 

(Table 4.1). Measurements of the specific soil surface area were made by the BET
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method after each soil NOM extraction or oxidation to evaluate the importance of soil 

organic matter fractions as soil aggregation agents (Table 4.1). Basically no changes in 

soil specific surface area were observed except in the case where NaOCl oxidized most of 

the organic carbon present in soil. These results imply that a substantial fraction of the 

NOM in oxisols is deep inside the soil structure, since only after severe oxidation of the 

soil organic carbon do the particles start to break apart and consequently increase the 

surface area.

NOM characterization
As mentioned above, only the NOM extracted by 0.001 M NaOH was extensively 

characterized. The main reason for this choice was the fact that this NOM type would 

precipitate from solution only at pH’s <~ 2.5. Thus, experiments with NOM sorption to 

soil could be conducted at pH’s as low as 4.0 followed by copper sorption experiments at 

various pH’s.

The first characterization of the extracted NOM was the measurement of the total 

organic carbon concentration (Table 4.1 and 4.2). Then a NOM sample was fractionated 

into fractions operationally similar to humic and fulvic acids by dropping the solution pH 

to 1 . 0  followed by careful collection of the solution supernatant with a glass pipette 

(Thurman, 1985). The remaining material was then re-dissolved and diluted to the same 

volume as the initial NOM solution. Both fractions were analyzed for organic carbon 

concentration. About one third of the NOM fractionated to ‘humic acids’ and two thirds 

into ‘fulvic acids’ (Table 4.2).
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Table 4.1 - Extraction of NOM from Al horizon Oxisol samples using various extractants 
and resulting soil surface areas.
Soil type %Org.C % Org. C T.O.C.*

remaining removed mg/L
Material
balance

Untreated
soil

Soil after 
extraction by 

0.001 M 
NaOH

Soil after 
extraction by 

0.5 M 
NaOH at 

55 °C

Soil after 
extraction by 

5% vol. 
NaOCl

2 .3 2  (± 0 .0 1 )  

1.69 (± 0 .0 4 )

0%

27.4%  2 7 5 .6  (± 1 9 .1 )

0 .3 4  (± 0 .0 5 )  85.3%

9 4 .3 0  (± 1 .3 )  

9 6 .5 0  (± 1 .3 )

1.01 (± 0 .0 4 )  56.5%  6 0 6 .6  (± 4 1 .1 )  9 8 .7 9  (± 1 .3 )

1 14 .80  (± 1 .3 )

96.6%

95.8%

*T.O.C. = Total Organic Carbon
**Soil Surface Area (SA)



138

To investigate the influence of the native metal content of the extracted NOM on the 

ability of the NOM to complex copper in solution, the amount of iron and aluminum 

associated with the NOM was measured after oxidation of NOM samples by 30 volume 

percent H2O2 . The results show high concentrations o f iron and aluminum in the humic 

acid fraction (Table 4.2). This suggests that the iron and aluminum present in humic acids 

are strongly bound to NOM and are not released into solution even at the very acid pH 

used in the NOM fractionation.

Another experiment designed to investigate the role of native metals in the extracted 

NOM in determining the extent of copper sorption to soil was the use of Chelex 100 resin 

to exchange complexed metals, including iron and aluminum, with protons from the 

resin. The results, presented as the metal/carbon mass ratios, show a noticeable depletion 

of trace metals by treatment with the Chelex 100. However, the treatment was not very 

effective in the removal of metals from the NOM. For example, the ratio of iron and 

aluminum to organic carbon was only reduced by 50% and 43% respectively (Table 4.3). 

The resin remained in contact with the NOM at pH 4.0 for 72 hours. All measurements of 

trace metals in the fulvic and humic acid samples were below the I CP-AES detection 

limit; therefore it was not possible to measure the standard deviation for these 

measurements.

NOM sorption to soil
Three of the four types of NOM sorbed to untreated soil from the Ai horizon caused a 

detectable increase in organic carbon percentage (Table 4.4). The only NOM sample that 

did not cause a significant change was the NOM-humic acid sample. However, there was 

a significant reduction of NOM concentration (from 73 mg/1 to 40 mg/1) in the 

supernatant after the sorption to untreated soil (Table 4.4). If this depletion of NOM were 

attributed to its sorption to the untreated soil, it would represent an increase of 7.8 % of 

the soil organic carbon content after the sorption of NOM-humic acids.

The sorption of the NOM to soil caused a fractionation of the original NOM solution.
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Table 4.2 - Fractionation of NOM extracted from Al horizon Oxisol by 0.001 M NaOH.

T.O.C*
(mg/L)

% o f  total
Ratio: 

Mois o f

duplicates

Ratio: 
Mois o f  
(Fe/Q 

duplicates

Total extract 0.13 0.043
270 (±3) 1 0 0 % 0.15 0.039

Humic 73 (±8 ) 32% (±4) 0.34 0.09
Acids 0.33 0 . 1 0

Fulvic 157(±13) 6 8 % (±4) 0 . 0 2 0.0007
Acids 0 . 0 2 0.0005

* T.O.C. = Total Organic Carbon
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Table 4.3 - Metal content in duplicates (mg of metal / mg of C) in different types of 
NOM and after oxidation by H2O2 by 30% vol.

NOM extracted by 0.001 M 

NaOH

NOM treated 

by

Chelex

NOM

Humic

Acids

NOM

Fulvic

Acids

Cu 3.46 x 10"4 3.10 x 10"4 < 1 x 10"4 < 1 x 10"4

3.54 x 10"4 2.70 x 10"4

Cd 3.10 x 10"4 2.90 x 10"4 < 1 x 10"4 < 1 x 10"4

3.50 x 10"4 3.10 x 104

Pb 3.37 x 10"4 < 4 x  10"5 < 2 x  10"4 < 2 x  10"4

3.43 x 10"4

Zn 1.28 x 10"3 1.70 x 10"3 < 1 x 10"4 < 1 x 10"4

1.32 x 10"3 2.30 x 10"3

Ca 2.63x 103 3.30x ICI3 < 7 x  10"4 < 7 x 10"4

2.77 x 10"3 4.70 x 10"3

Mg 1.26 x 10"3 0.90 x 10"3 < 1 x 10"4 < 1 x 10"4

1.34 x 10"3 1.30 x 10"3

Fe 1 .9 7 x 1 0 ' 0.10 x 10 ' 3.60x10"' 2.20 x 10"3

2.03 x 10"' 1.00 x 10"' 4.60 x 10"' 3.20 x 10"3

A1 2.96 x 10"' 1 .6 0 x 1 0 ' 5.30 x 10"' 3.98 x 10"2

3.04 x 10"' 1.80 x 10"' 6.70 x 10"' 4.02 x 10"2
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This behavior was confirmed by three different analytical techniques representing 

different chemical signatures. The first technique used was acid base titrations. The 

results show a striking difference in NOM acidity before and after sorption to soil. The 

base titration shows that NOM after sorption to soil is consistently less acidic than before 

sorption by about 0.2 meq of OH' / g C over the entire pH range (Figure 4.1). The same 

general behavior is observed in the NOM acid titration, but not as distinctly as the base 

titration. In the latter case the lines almost overlap and there is a little bit more hydrogen 

consumption by the whole NOM sample before the sorption to the soil (Figure 4.2). In 

both titrations the plots are straight lines due to the chemical heterogeneity of these 

samples, it was not possible to detect any end point along the titration. In other words, it 

was not possible to recognize any distinct functional groups such as carboxyl or phenol.

The second analytical technique used to characterize N OM  before and after sorption to 

soil was copper titration. All such titrations were performed under identical conditions. 

The concentration of organic carbon used was 10 mg/1, and the concentration of the 

electrolyte (KNO3) in solution was 50 mmoles/1. The same increments of copper were 

added to the NOM  solutions and the blank solutions. The results are highly reproducible, 

showing differences of less than 0.4 mV for each point (Figure 4.3). The blank titrations 

produced straight lines with slopes of 28.42 and 27.93. Both results were considered 

within the Nerstian slope of 29.6 ± 2.0 mW log free copper. The blank titration was used 

as a standard curve for measuring the activity of the copper in solution during NOM 

titrations. The percentage of complexed copper was obtained from the difference between 

total copper and free copper. In each titration the plots of voltage vs. the log of free 

copper in the N OM  titration reaches an asymptote value equal to those for the blank 

titration. This behavior is expected as the limited number of metal complexing sites on 

NOM  are soon filled and the free copper approaches total copper. In addition, this 

behavior also indicates that possible NOM  coatings on the electrode surface did not 

occur. A copper concentration of 1 x 10’5 M was selected to analyze the results of the
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Table 4.4 - Sorption of different types of oxisol NOM to untreated Ai soil horizon, based 
on the increase of organic carbon percentage in soil after NOM sorption (original % org. 
C = 2.32%). ________

NOM type
% Org. C in 

soil after NOM  

sorption

%Org. C

increase 

in soil

T.O.C.* 

(mg/L) 

before sorption

T.O.C. 

(mg/L) 

after sorption

NOM extracted 

by

0.001 MNaOH

2.73 (±0.16) 17.7% 270 (±3) 186(±10)

NOM after 

Chelex resin 2.75 (±0.12) 18.5% 210 (±5) 180 (±4)

NOM -  Humic 

Acids 2.30 (±0.15) 7.8 % 73 (±8) 40 (±5)

NOM -  Fulvic 

Acids 2.61 (±0.18) 14.3 % 157 (±13) 110 (±4)

*T.O.C. = Total Organic Carbon
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Figure 4.1 -  Base titration of NOM extracted by 0.001 M NaOH before and after sorption 
to soil. I = 0.01 M NaNO] and NOM = 60 mg/L
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Figure 4.2 -  Acid titration of NOM extracted by 0.001 M NaOH before and after sorption 
to soil. I = 0.01 M NaNO] and NOM = 60 mg/1.
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copper titration, since this concentration was used for the copper soil sorption 

experiments.

Here again the signatures of NOM before and after sorption to soil are different. The 

NOM after sorption is less acidic and has less ability to complex copper in solution. 

There was a significant decrease in the percentage of complexed copper in solution from 

89% to 74% when the NOM after sorption to soil was titrated (Figure 4.4). In other 

words, the more aliphatic NOM, that which did not sorb to the soil mineral phase, has a 

lessened ability to complex copper compared to the whole NOM, which is more 

aromatic. Some researchers that choose to work with the discrete ligand approach for 

modeling the NOM complexation of copper to NOM associate copper to carboxylic acid 

functional groups (Davis, 1984). However, carboxylate functional groups are 

predominant in the more aliphatic NOM fractions. Thus the notion of carboxylate 

dominated copper complexation by NOM contradicts the decrease of copper 

complexation to NOM after sorption to soil. Skold (1999) found similar results after a 

series of copper titrations with samples of different aquatic NOM, followed by 

potentiometric titration determination of NOM functional groups. He could not correlate 

complexation of copper and NOM with the predominance of carboxyl functional groups. 

The third characterization of NOM before and after sorption to soil was made with ultra 

violet light (UV) absorption. UV analysis is a relatively simple technique that can be used 

to broadly characterize molecular structures. Aromatic structures have their maximum 

UV absorption around 250 to 290 run, while aliphatic structures have their maximum 

absorption at shorter wavelengths (Skoog and Leary, 1992). From UV measurements 

from 250 to 290 nm, the average of triplicate readings at 280 nm were obtained and 

normalized to the total organic carbon concentration. The data show that after untreated 

NOM was sorbed to soil there was a depletion of aromatic structures since the specific 

ultra violent absorption value is smaller than the value before sorption to soil. Comparing 

these results to the copper titration data, I conclude that there is a correlation between the 

decreased copper complexation in solution and the decrease in specific UV absorption
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Figure 4.3 -  Cu(II) titration of NOM extracted by 0.001 M NaOH. I = 0.05 M KNO3 pH 
=  6 .0 .
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(Skold, 1999) (Table 4.5 and Figure 4.4). These results together provide strong evidence 

for the notion that the decrease of copper complexation in solution can be directly 

correlated with depletion in the aromatic NOM structures due to fractional sorption to 

soil.

Cu sorption to soil:
Two sets of experiments measuring the pH dependent copper sorption to oxisol samples 

from the Ai horizon were performed. Both sets had similar conditions of pH, solution 

ionic strength, soil/solution mass ratio, and copper concentration. The difference between 

these two sets was only the fact that the first set used untreated samples plus samples that 

had NOM extracted or oxidized by different chemical compounds while the second one 

had untreated samples plus samples that had different types of additional NOM sorbed to 

them. The main goals of these experiments were: 1) to investigate how the removal of 

NOM from soil samples by different compounds would affect the copper sorption to soil; 

2) to investigate whether or not the geometrical NOM arrangement in soil was related to 

the low influence of NOM on the sorption of copper to oxisol samples; and 3) to 

investigate whether or not iron and aluminum present in the soil NOM structure was 

blocking NOM sites that could be occupied by copper, also partially accounting for the 

lack of influence of NOM on copper complexation capacities of oxisols.

The first set of pH profiles for copper sorption to oxisol had the typical sigmoid shape 

of transition metal sorption to oxides (Figure 4.5). For typical metal oxides the fraction 

of metal sorbed to the oxide surface increases from a low fraction sorbed at low pH to an 

almost complete sorption in one and a half to two pH units (Davis and Leckie, 1978; 

Benjamin and Leckie, 1981; Kooner et al., 1995). After the removal or oxidation of the 

soil NOM (from 27.4% to 85.3% reduction in soil NOM) no significant difference was 

observed in the copper sorption edges. The only consistent change in the sorption edges 

after the removal of NOM was a 10% increase of copper sorption at pH higher than 5.5.

The second set of copper sorption edges for oxisol samples showed somewhat
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Table 4.5 - UV analyses of NOM extracted by 0.001 M NaOH at 280 nm wave length 
before and after sorption to soil and NOM-Humic and Fulvic fractions.

NOM type: S.U .VA*  
(abs./mg C)

% Cu Complexed in 
solution

NOM 
before sorption 

to soil
0.045 (±0.002) 89.0 %

NOM 
after sorption to 

soil
0.028 (±0.001) 74.0 %

NOM-Humic 0.090 (±0.001)

NOM-Fulvic 0.020 (±0.003) -

♦SUVA = Specific Ultra V iolet Absorption.
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different trends (Figure 4.6). The untreated soil sample sorption edge was repeated 

(Figure 4.5). The sigmoid shape continuously changed as different types of NOM were 

added to the soil. The soil that received additional NOM that had been extracted by 0.001 

M NaOH from a similar soil sample showed an increase of approximately 17% in the 

copper sorbed at pH 3.0 to 3.5 (compared to the untreated soil). In contrast, this same 

treated soil sample showed approximately 2.5% less sorption at pH’s greater than 5.5, 

again compared to untreated soils.

The soil sample that was treated with only the humic acid fraction of the NOM removed 

from a similar soil sample by 0.001 M NaOH showed a minor degree of enhanced 

sorption over the entire pH range. The sorption edge for soil that received NOM treated 

with Chelex 100 resin showed a significant increase in sorption to soil (from 0.1 to 0.5) 

over the untreated soil at pH 3.0. However, this difference decreases as the solution pH 

increases, and becomes essentially similar to the untreated soil at pH’s above 5. Similar 

low pH sorption edge behavior was observed for the soil sample that had received NOM- 

fulvic acids. In this case, the enhancement of copper sorption at low pH is even higher 

than the samples that received NOM-Chelex treatment. At higher pH’s, fulvic acid 

treated soil shows a measurable reduced ability to sorb copper (down by 15%) in 

comparison to the untreated soil (Figure 4.6).

In all o f these copper sorption experiments to soil that had added NOM, some 

desorption of NOM from soil back into solution was observed. The NOM desorption 

always increased with the increasing pH. The observed NOM desorption to solution was 

in the range between 1.6 x 10"6 moles C/1 at pH 3.0 to 3.5 x 10"5 moles C/1 at pH 6.5. This 

range of concentrations represents 0.41% to 9.92% of the total additional NOM sorbed to 

the soil. This desorbed NOM in solution should compete with the soil mineral or NOM 

surface for ionic copper in solution. If the desorbed NOM complexed ionic copper during 

the experiment, this fraction of the complexed copper would be measured and reported as 

non-sorbed.
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Discussion 

NOM extraction and oxidation:

The use of aqueous sodium hydroxide is a classical method and one of the most 

efficient ways of extracting soil NOM (Kononova, 1966; Stevenson, 1982; Hayes, 1985; 

Michaelson and Ping, 1997). Two aspects of the use of sodium hydroxide solution to 

extract soil NOM should be mentioned. One is the alteration of NOM molecules through 

hydrolysis and autooxidation (Stevenson, 1982; Bowles et al., 1989) and the other is the 

dissolution of iron and aluminum oxyhydroxides that are amorphous or poorly 

crystalline. To avoid the hydrolysis and autooxidation problem, the extracted NOM 

solution, after filtration, was neutralized with concentrated nitric acid. The possible 

dissolution of low crystalline mineral phases was investigated by XRD analysis following 

the alkaline extractions. The results showed no changes in soil mineralogy after NOM 

extraction (Chapter 2). The low crystalline phases in this particular type of soil represent 

a minor (less than 1%) of the total soil bulk chemical composition (Fontes and Weed, 

1991; Chorover and Sposito, 1995; also see Chapter 2). Therefore, it was not a point of 

significant concern.

There is a significant correlation between the stability of soil aggregates and the 

humus material extracted by pyrophosphate followed by aqueous NaOH extraction 

(Chaney and Swift, 1984). This correlation between the organic matter extracted by these 

extractants and aggregate stability suggests that less oxidized and higher molecular 

weight substances are more strongly bound to inorganic particles. Consequently they are 

more important for soil aggregation than the lower molecular weight, more highly 

oxidized organic material extracted by pyrophosphate solutions. The same soil role of 

NOM is observed in my oxisol samples. The NaOH extractions presumably preferentially 

extracted the highly oxidized organic material that is closer to the soil surface. This 

organic matter, although abundant (27.4% to 56.5%) probably does not play a major role
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in soil aggregation, since the soil specific surface area after extraction did not change 

significantly (Table 4.1).

Another important aspect to be considered in the explanation of the small change in 

soil surface area is the role of iron and aluminum oxyhydroxides (poorly crystalline and 

amorphous material). At the conditions of natural soil pH (5.0-5.5) the surface charge of 

oxyhydroxides is predominantly positive and the surface charge of kaolinite, the major 

soil mineral, is negative. Hence, there is an electrostatic attraction between these 

minerals, allowing for a relative strong binding.

As mentioned before the soil organic matter oxidation by NaOCl did not affect the soil 

mineralogy and extracted a larger percentage of the soil organic material. ICP analyses of 

the supernatant solutions from the NaOCl oxidations revealed that less than 2.5% of the 

Si, AI, Fe, Mg, Ca, and K in the original soil bulk composition was dissolved. However, 

after this severe oxidation of soil organic material, a significant change in the soil specific 

surface area was observed. This fact supports the hypothesis that these different fractions 

of extracted and oxidized NOM have different roles in oxisol aggregation.

NOM characterization :
When the NOM extracted by 0.001 M NaOH was fractionated into ‘humic’ and 

‘fulvic’ acids, the resulting proportion was one third ‘humic’ acids and two thirds ‘fulvic’ 

acids (Table 4.2). This result should not be compared with a typical fractionation of 

tropical soil NOM, because this fraction represents only 27% of the total soil NOM. 

Besides, the predominance of fulvic acids over the humic acids in this relatively easily 

extracted NOM is intuitively expected. Fulvic acids are more soluble than humic acids by 

definition (Gamble and Schnitzer, 1974; Stevenson, 1982); therefore, they should be 

more predominant than humic acids in more easily extracted NOM fractions.

The metal content in the NOM before and after its fractionation into ‘humic’ and 

‘fulvic’ acids reveals some important results for the understanding of the ability of the 

oxisol organic material to complex ionic copper in solution. The first important result is
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the abundance of iron and aluminum associated with the soil NOM. It is well known that 

trivalent cations are bound to NOM in greater amounts than divalent cations at any given 

pH and ionic strength (Stevenson, 1986). Iron and aluminum are abundant elements in 

oxisols (Chorover, 1993) and probably can easily complex with more aromatic structures 

from soil NOM (Schnitzer and Skinner, 1965; Gamble et al., 1970; De Coninck, 1980). 

Humic acids have more aromatic organic molecules than fulvic acids (Stevenson, 1982 

and 1985). The strength of this complexation is so high that even when there is a drop of 

the NOM solution pH to 1.0, the protons in the solution do not exchange for complexed 

iron and aluminum. These are probably the main reasons why, after the fractionation of 

oxisol NOM into ‘humic’ and ‘fulvic’ acids, a large fraction of the iron and aluminum 

ions resides in the humic fraction.

A second important observation is the ability of Chelex resin to extract approximately 

half of the iron and aluminum ions associated with extracted NOM (Table 4.3). The resin 

was also able to extract trace metals but these are two to three orders of magnitude lower 

than iron and aluminum content in the NOM from this type of soil. The significant 

depletion of iron and aluminum in the NOM solution, and the enhancement of copper 

sorption after the use of this NOM, support the hypothesis of the blocking of copper 

binding sites by iron and aluminum.

UV analysis of NOM humic and fulvic fractions at 280 nm indicates that the humic 

acid has a more aromatic structure than the fulvic acid fraction, since the specific ultra 

violet absorbancy value for the humic fraciton is bigger than the one for the fulvic 

fraction (Table 4.5).

NOM sorption to soil:
Four solutions of different types of NOM were sorbed to untreated soils from the Ai 

horizon. The only NOM solution that was characterized before and after soil sorption was 

the NOM extracted by 0.001 M NaOH. However, the conclusions obtained can probably 

be extrapolated to the other types of NOM due to similarities in chemical composition.
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The fractionation of NOM by sorption to the surface of minerals has been observed by 

various researchers (Parfitt et al., 1977; Davis and Gloor 1981; Tipping, 1981; Davis, 

1982; Gu et al., 1995). The best pH for NOM sorption to oxide minerals is 5.0 (Tipping, 

1981; Davis, 1982). At this pH for iron and aluminum oxides the mineral surface is 

positively charged (Point of Zero Charge = 8.0-9.0; Stumm, 1992), so the sorption of 

negatively charged NOM is enhanced by the electrostatic attraction between NOM and 

mineral surfaces. For the untreated oxisol samples used in this experiment the P.Z.C. is 

4.7 (see chapter 2), so pH’s lower than 5.0 would be most appropriate for enhanced NOM 

sorption to soil.

The sorption of NOM by iron and aluminum oxides decreases with increasing pH and 

can be influenced by other ions in solution such as Ca2+, Mg2+, and PO42 (Davis and 

Gloor, 1981; Davis, 1982). It also depends on the soil to solution ratio and the nature of 

the solid sorbent (Davis, 1982). The higher the soil to solution ratio, the larger is the 

proportion of solution phase sorbed to the solid surface. This is due to the availability of 

more surface sites for NOM binding. Minerals with higher point of zero charge (P.Z.C.) 

will sorb more NOM at low pH.

NOM sorption to soil is analogous to the sorption of anions to these oxide minerals 

(Davis, 1982); however, NOM sorption will actually involve several functional groups. 

So, this type of reaction should consume protons. The consumption of protons can also be 

caused by other processes, such as: 1) The protonation of surface hydroxyls to form 

surfaces complexes; 2) disturbance of the surface equilibrium as compared to the surface 

charge before the sorption of organic carbon; and 3) proton consumption due to the 

formation of Al3+ complexes with NOM functional groups such as phthalic and salicylic 

acids (Davis, 1982).

The NOM functional groups involved in the sorption to mineral surfaces include 

carboxyl, phenol, hydroxyl, and aromatic moieties (Gu et al., 1995). Potentiometric 

titration of NOM can be used to investigate the fractionation of NOM during sorption to 

soil and to access possible functional groups involved in the sorption. Davis (1982)
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reported a depletion of weak acids after NOM sorption to alumina. He concluded that 

phenolic groups are the most involved in the sorption of NOM to alumina surfaces. Later, 

Gu et al. (1995) stated that carboxyl and hydroxyl functional groups of different NOM 

fractions are actively involved in the sorption reactions and also that the steric 

arrangement of these functional groups may play an important role in determining the 

adsorption of NOM fractions.

Here, a depletion of NOM acidity after sorption to oxisols was detected by 

potentiometric titration. However, it was not possible to access any specific functional 

groups predominantly involved in the sorption process. The base titration line dropped 

constantly by 0.2 meq/ g of C after sorption (Figure 4.1) not giving any information about 

predominance of any specific functional groups on the NOM sorption to soil. An 

elevation in solution pH was observed during NOM sorption to soil, since an average of 5 

x 1 O'5 moles of nitric acid was added to the soil solution to keep the solution pH = 4.0. 

The only solution that did not receive acid to control the solution pH was the fulvic acid 

soil solution that had pH of 1.13. The reasons for the consumption of protons during 

NOM sorption can be related to any of the reasons mentioned above. It is difficult to 

specify the predominant mechanism based only upon wet chemistry analyses.

Several mechanisms could be involved in the sorption o f NOM to mineral surfaces: 1) 

anion exchange (electrostatic interaction); 2) ligand exchange-surface complexation; 3) 

hydrophobic interactions; 4) entropy effects; and 5) hydrogen bonding (Gu et al., 1994). 

Among these ligand exchange is most often used to explain NOM sorption to iron and 

aluminum oxides (Tipping, 1981; Jardine et al., 1989; Gu et al., 1994 and 1995; Filius et 

al., 1997). The following reactions are involved:

=SOH(s) + H* (aq) < -»  =SOH2 (s) (4.1)

e=SOH2+(s) + R- COO" =SOOC-R(s) + H20 (4.2)
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The reaction (4.1) represents the protonation of the soil surface. At a pH lower than 

the point of zero charge there is a net positive charge at the mineral surfaces which will 

enhance the ligand exchange mechanism. If the soil surface is positively charged, a 

carboxyl group from NOM can react with the mineral surface, exchanging a carboxyl 

ligand for a water molecule from the soil mineral surface (Sposito, 1989). In the oxisols 

experiments the soil solution pH was always below the soil P.Z.C., and there was always 

an increase in the pH of the soil solution during sorption of NOM.

During the copper sorption experiments, NOM desorption (from 0.41% to 9.92%) was 

low at lower pH’s and relatively high at pH’s above the soil P.Z.C. (4.7) (Figure 4.6). 

This desorption at pH’s above soil P.Z.C. was probably caused by electrostatic repulsion 

of the negative soil surface and the negative NOM attached to soil. Based on the 

mechanisms involved in ligand exchange reactions and on the experimental conditions, as 

well as the type of soil used, it is reasonable to suggest that ligand exchange is probably 

the predominant mechanism of NOM sorption to oxisols. Based on potentiometric 

titrations I could not conclude that only the carboxyl groups were significantly depleted 

after sorption. In fact, it is probable that other acidic functional groups are also involved 

in the sorption reactions. Finally, electrostatic reactions must be involved in the NOM 

sorption NOM sorption to oxisol since a detectable desorption of NOM was observed at 

pH’s above the P.Z.C. where the soil mineral surface had a predominantly negative 

charge.

To further characterize the sorption of NOM to soil surfaces, two more analytical 

techniques were used on NOM before and after sorption to soil. The first was copper 

titration. The results indicate that after sorption to soil, NOM has a diminished ability to 

complex copper from solution (by ca. 15% percent) (Figure 4.4). From the copper 

titration results I can estimate an apparent stability constant for the following 

complexation reaction:
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V x + Cu2* L-Cu2'* K  = — - C' - r ] (M"1) (4.3)

The apparent stability constant between copper and NOM before sorption is 2.92. 

Some of the NOM is sorbed to soil; the remaining NOM shows a stability constant of 

2.75. These values are not absolute and should be analyzed only by the fact that some 

fractionation of soil NOM occurred after sorption to soil and the cosequence of this to the 

ability of this soil NOM to bind copper. These values for conditional stability constants 

are much lower than typical NOM-Cu values (Skold, 1999). This is further indication that 

this NOM has the stronger Cu-binding sites occupied by Fe and/or AI ions.

The second technique use to characterize some types of NOM before and after 

sorption to soil is UV absorbence. The results show a measurable loss of aromatic 

organic NOM moieties, due to NOM sorption to soil. These two experiments provide 

strong evidence that aromatic moieties in NOM are primarily associated with NOM 

copper binding sites (Table 4.5). Several researchers (Schnitzer, 1969; Gamble et al. 

1970; De Coninck, 1980) have postulated that complexation of metal ions by humic 

substances is associated with aromatic organic structures having attached carboxilic and 

phenolic groups (Figure 4.7). The order of strength of metal binding to aromatic 

carboxilic and phenolic functional groups is Fe > AI > Cu at a solution pH of 3.5, and Fe 

> AI = Cu when the solution pH is 5.0 (Schnitzer and Skinner, 1965). The reaction 

mechanisms shown in Figure 4.7 illustrate one of the ways that sesquioxides may be 

transported through a soil profile for the formation of spodic horizons when organic 

chelation sites are occupied by iron and aluminum (Stevenson, 1986).

Town and Powell (1993) also reported competition of Fe and AI for Cu binding sites 

in humic substances. They used a series of ion-selective electrode potentiometric 

titrations with soil derived humic and fulvic acids and copper. They found that when Cu 

was titrated into a fulvic acid solution in the presence of AI, displacement of copper from
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Figure 4.7- Two types of reactions involved in the sorption of copper as well as iron and 
aluminum (Stevenson, 1986).

fulvic acid sites was observed, indicating site competition between these ions. Cabaniss 

(1992) also detected a similar competition between AI and Cu for the same organic sites 

using synchronous fluorescence spectra of metal-fulvic acid complexes.

In this research, the average mole ratio between NOM-associated iron and aluminum 

and organic carbon is 0.18 (Table 4.2). At the same time, the mole ratio between bound 

copper and organic carbon is 0.01. This means that the sites occupied by copper are 

approximately 5.5 % of the sites occupied by iron and aluminum. This suggests that 

copper does not complex with NOM because iron and aluminum already occupy the 

binding sites.

In summary, the fractionation of NOM by sorption to soil involves several acidic 

functional groups present in NOM. After fractionation more aliphatic organic materials 

remain in solution. This type of material is not able to complex as much copper in 

solution. One reason for this depletion in copper complexation ability is that most of the
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sites associated with copper binding are located in aromatic NOM moieties and not in 

aliphatic. At most of these sites there are already ferric and aluminum ions since these 

elements are abundant in oxisols (Charlet, 1986; Chorover, 1993). One mechanism 

involved in NOM sorption to soil mineral surfaces is ligand exchange with some 

electrostatic influences. As a consequence of this sorption of NOM to soil, one can expect 

different soil mineral surface properties (Hunter, 1980). This new mineral surface can be 

expected to have altered sorption of ionic copper as a function of the type of NOM sorbed 

to soil.

Cu (II) sorption to soil
The first set of copper sorption experiments involved untreated soil and soil from 

which NOM was extracted or oxidized (Figure 4.5). The sorption edges have the typical 

shapes of sorption edges of copper to oxide minerals (e.g., hematite or alumina). These 

sorption edge shapes suggest a strong role of iron and aluminum oxyhydroxides in the 

copper sorption to oxisols. Even when a significant amount of NOM is removed (i.e., 

27.4% to 85.3%) almost the same sorption pattern results. The only difference is a small 

increase in copper sorption above pH 5.5. There are at least two possible explanations for 

the non-influence of NOM on the sorption of copper: 1) NOM in this oxisol is not coating 

the surface of minerals and exposed for reactions with copper in solution. Instead NOM 

is filling up spaces in the soil structure, working as a cementing agent to keep soil 

aggregates physically stable; 2) The copper binding sites are already occupied by iron 

and aluminum, which are abundant elements in this type of soil and known competitors 

with copper for the same NOM binding sites. One or both of these mechanisms may 

justify the observed non-influence of NOM in copper sorption to oxisol.

The ability of NOM to sorb to mineral phases is well-known (Parfitt et al., 1977; 

Davis and Gloor 1981; Tipping, 1981; Davis, 1982; Gu et al., 1995). This sorption may 

alter mineral surface proprieties causing significant changes in the ability of minerals to 

complex metal ions from solution and also cause fractionation of the NOM (Hunter,
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1980; Davis, 1982 and 1984). The concept of NOM coatings on mineral surfaces was 

verified in the laboratory and postulated to be valid under field conditions (Davis, 1982 

and 1984; Murphy et al., 1992; Gu et al., 1994). At the same time other researchers 

concluded that NOM in soil systems was not primarly present as mineral surface coating 

but serving as soil aggregating agents (Tisdall and Oades, 1982; Santos et al., 1989; 

Bartoli et al., 1991). If NOM in soil systems is not coating but instead trapped among 

mineral grains, there will be fewer metal binding sites.

Santos et al., (1989) concluded that NOM in oxisols is not present as a mineral surface 

coating, but rather is filling up holes in the soil structure. At least some of the NOM in 

the soil used in this study has a similar type of arrangement (Chapter 2). Therefore, one 

of the reasons for the non-influence of NOM on copper sorption is the arrangement of the 

NOM in the oxisol. NOM is trapped among mineral grains rather than coating their 

surface. This is why in the first set of copper sorption isotherms, when NOM was 

removed; the sorption edges did not change much from the untreated soil. The abundance 

of mineral sites exposed for copper reactions dictates the copper sorption.

If these statements are correct the sorption of copper may increase, decrease or remain 

unchanged if NOM is sorbed to untreated soil. Sorption of additional NOM to soil could 

expose more NOM binding sites for copper complexation, and/or it could block mineral 

sites available for copper bindings. The consequences of added NOM are illustrated in 

Figure 4.6. In general, modifications in the sorption edges due to additional NOM were 

relatively minor except for fill vie acids and Chelex-treated NOM samples at low pH. 

Both of these NOM additions provided substantially increased copper sorption at pH’s 

less than 5, with slightly reduced sorption above pH 5, where NOM-desorption may have 

complicated the interpretation. When the humic acid fraction of the NOM removed from 

the Ai horizon oxisol was used as the additional NOM, a small increase in copper 

adsorption was observed over the entire pH range (3 -  6.5). Addition of untreated NOM 

from 0.0001 M NaOH extraction of soil from the same horizon showed slightly enhanced 

sorption at low pH and slightly reduced sorption above pH 5.
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This second set of experiments using added NOM also helped to investigate the 

second hypothesis stated in the beginning of this section. The high abundance of iron and 

aluminum in oxisols and the fact that copper also binds to the same sites as the 

aforementioned elements would reduce the influence of NOM in copper sorption to 

oxisols. This hypothesis is confirmed by the experimental results (Figure 4.6). Thus when 

additional unfractionated NOM or humic acid were sorbed to the soil, there was an 

increase in copper sorption but not as dramatically as when NOM after Chelex 100 

treatment or fulvic acids were sorbed. The first two types of NOM have high iron and 

aluminum content (Table 4.3), and are probably bound to the soil through the same types 

of aromatic carboxylate groups that contribute to strong metal-binding sites. Both suggest 

only minor increases in the Cu-binding ability of the soil.

The nature of NOM sites for metal binding can be conceptually considered in terms of 

two end-member types of sites. On the one end are the weaker, highly labile sites that are 

represented by the cation exchange capacity (CEC). These are generally considered to be 

dominated by aliphatic carboxylate groups in NOM. At the other end are the stronger, 

less labile sites that are associated here with binding of iron, aluminum and copper 

(McKnight et al., 1983). The first type of site would dominate those in the more aliphatic 

fulvic-like fractions, whereas the second would predominate in the more aromatic, 

humic-like fractions. Chelex resins would certainly exchange metal ions in the first type 

of site; those in the second type would be incompletely exchanged by the resin.

For the fulvic acids, it appears that the NOM-binding to the soil involves sites on the 

soil surfaces that are important for Cu binding at higher pH’s. This causes a slight 

decrease in Cu binding at pH’s above 5 when fulvic acid is added to the natural NOM in 

the soil sample. The same phenomenon is observed to a lesser extent for the Chelex- 

treated NOM. This notion of NOM blocking metal-binding sites can also explain why, in 

the first set of copper sorption experiments, the removal of NOM actually caused a 10% 

increase in copper sorption (Figure 4.5). NOM that had blocked the sites for metal
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binding was no longer a part of the soil structure; at this range of pH (5.0-6.5), this 

caused a slight increase of mineral binding sites for copper.

These types of NOM (NOM after Chelex 100 treatment and NOM Fulvic acids) have 

considerably less iron and aluminum (Table 4.3) and an abundance of strong metal 

binding sites. The exchange of iron and aluminum by protons from the Chelex resin and 

the NOM fractionation, respectively, frees sites for copper sorption and consequently 

increases the copper sorption to soil. At low pH’s the weaker Cu(II) binding sites on 

NOM are more important. And here the fulvic acid and Chelex modified NOM soil 

additions produced enhanced Cu(II) sorption.

Conclusions:
Despite the great volume of literature stressing the importance of natural organic 

matter in the spéciation and sorption of trace elements in various natural systems, some 

research has indicated the opposite in acidic soil systems and sediments rich in iron and 

aluminum. NOM in these systems can have minor to non-detectable influence on the 

sorption of trace metals.

Two sets of copper sorption experiments were performed to test the hypotheses that 

NOM was not playing a major role in copper sorption by the oxisol Ai horizon. The 

results support the following two hypotheses: 1) iron and aluminum, abundant elements 

in oxisols, are irreversibly blocking copper binding sites on NOM and 2) NOM in oxisol 

systems is not primarily present as mineral coatings but rather trapped among minerals 

filling up holes in the soil structure.

Copper sorption after NOM removal with NaOH or oxidation with NaOCl showed 

little or no change in copper sorption to the oxisol. Also the sigmoid shape of the pH- 

sorption profile, typical of oxides, suggests that oxyhydroxide minerals are playing the 

major role in the copper sorption to untreated oxisol. The sorption of different types of 

NOM to an untreated oxisol samples does indeed increase the sorption of copper at pH’s
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lower than 5.0. But the increase of copper sorption was inversely related to the amount of 

iron and aluminum in these organic solutions. In addition to the established fact that iron 

and aluminum can complex strongly to the same sites on NOM that bind copper, these 

experiments also suggest that copper binding sites are more associated with aromatic 

rings rather than aliphatic structures in NOM.
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Chapter 5 

S u m m a r y  a n d  c o n c l u s io n s  

Summary of results

The study of trace metal ion sorption to soil material still represents a challenge in 

environmental science due to the complexity intrinsic to soils and sediments. The role of 

natural organic matter (NOM) in the sorption of a representative trace metal ion, Cu2+, to 

an oxisol was the main focus of this research. And yet, only some aspects of the 

importance of NOM in this process were investigated. More work is necessary to clarify 

questions raised in this study.

A landfill near the Brasilia National Park located in Brasilia D. F. Brazil has been in 

activity for the last 35 years without any environmental concern for its potential in the 

contamination of the soil and ground water of that region. Studies developed by the 

University of Brasilia detected toxic trace metals (Cd and Pb) inside the landfill that are 

threatening to the health of those living nearby, as well as to the local ecological reserve 

(Brasilia National Park) (Santos, 1996). Although there is great potential for development 

of a contaminant plume that could migrate to other areas hydrogeologically dowgradient, 

the landfill contaminant plume (identified by elevated ammonium, magnesium, chloride, 

nitrate, calcium, and phosphorous) is limited to areas near the landfill (Araujo, 1996; 

Franco, 1996) and does not present high concentrations of Cd or Pb. This suggests a high 

ability of this type of soil to sorb toxic trace metals.

A soil profile with ten soil horizons was characterized in the field and sampled inside 

the Brasilia National Park. Due to the great chemical, physical, and mineralogical 

homogeneity of these soil horizons, three soil horizons (A\, Bw], and C2) were selected 

for further soil characterization. Transmission electron microscopy (TEM) showed the 

following features for the soil horizons described. The main mineral present is kaolinite
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(70% to 80%) randomly distributed. There is only a trace amount of amorphous material 

in all soil horizons; however, roughly 50% is composed of poorly crystalline minerals. 

Soil NOM decreases in percentage from the top horizon to the bottom, and seems less 

decomposed and shows more microorganism structures in the top horizon (A,). Most of 

the NOM is either disseminated among minerals or is occupying discrete areas inside the 

soil structure. It covers 15% to 20% of the soil aggregate area in the Ai horizon. NOM is 

not the only aggregating agent; poorly crystalline iron and aluminum oxyhydroxides also 

play an important role in soil aggregation in this type of soil.

Sorption edges and isotherms for copper adsorption to the three selected soil horizons 

were performed before and after partial oxidation of NOM by NaOCl (5%). The results 

indicated a relatively small role for NOM in the sorption of copper. This result is in 

agreement with other researchers who investigated the role of NOM in the sorption of 

copper and other trace metals to soil or sediments from acidic environments rich in iron 

and aluminum (Cavallaro and McBride, 1978 and 1984; Smith, 1991; Xing et al., 1995). 

However, this result is in disagreement with researchers who have studied the role of 

organic matter in the sorption of trace metals in monomineralic systems (Davis and 

Leckie, 1978; Davis, 1984; Schindler and Stumm, 1987; Zachara et al., 1994; Ali and 

Dzombak, 1996). The sorption experiments for the deeper horizons showed the role of 

NOM in the sorption process to be even more negligible. This result supports the use of 

conditional equilibrium constants of iron and aluminum oxyhydroxide to estimate the 

partitioning of trace metals to soil in deeper soil horizons. There is a significant release of 

aluminum during the sorption experiments even at the natural soil pH. This fact suggests 

that aluminum hydrolysis should be considered for estimation of soil surface charges and 

any surface complexation modeling. In addition, it supports the hypothesis that aluminum 

and iron must have already saturated the NOM sites for complexation with trace metals.

To explain the relatively low influence of NOM on the sorption of copper to oxisols 

two sets of sorption experiments were performed on soil samples from the Ai horizon. 

The first set had untreated soil and soil from which NOM was partially extracted by
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various extractants. All experiments in this group presented a consistent result showing 

that NOM affected the sorption of copper only at pH above 5.0 where NOM removal 

caused a small increase (10%) in copper sorption. The second set of sorption experiments 

was performed with untreated soils from the Aj horizon that had different types of 

additional NOM sorbed to them. The types of NOM that had lower Fe and AI contents 

caused significant changes in the sorption edges. In contrast, the sorption edges for the 

types of NOM that had high concentrations of iron and aluminum did not differ much 

from those obtained from the untreated soil. This result indicates a competition among 

copper, iron and aluminum for the same sites on NOM (Schnitzer and Skinner, 1965; 

Gamble et al., 1970; De Coninck, 1980; McBride, 1994). UV absorbance studies indicate 

that the fraction of NOM remaining in solution after sorption to untreated A; horizon soil 

is more aliphatic and less aromatic. Copper titrations with this NOM fraction and with 

NOM prior to sorption show that the original, more aromatic NOM sample, complexes 

more copper. This result is in agreement with Skold (1999) who could not correlate 

copper complexation with NOM from rivers to their carboxilic functional groups, but 

found some relationship between aromatic content and copper complexation. In addition 

Lenhart (1998) also found that humic acid complexes more with uranium than fulvic 

acid.

Conclusions

A list of the conclusions is presented below.

1. Although oxisols have a great ability to sorb trace metals, there is a limited sorption 

capacity (rmax = 10 to 18 mmols of Cu(II) / Kg of soil). Once this capacity is reached 

the trace metals will become more mobile and ground water contamination may 

result.
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2. There is great chemical, physical, and mineralogical homogeneity in the composition 

of the soil horizons due to the high rainfall and long weathering processes that this 

type of soil has experienced. NOM in this soil decreases with depth and it is either 

disseminated among soil minerals or located in discrete areas in the soil (15 to 20% of 

the soil aggregate area in the Ai soil horizon).

3. NOM in oxisols does not play a significant role in the sorption of copper. The 

implications are that acidic soils and sediments rich in iron and aluminum will result 

in the saturation of NOM sites with iron and aluminum ions thereby reducing the 

ability of NOM to complex other trace metals.

4. NOM association with soil surfaces results in a blocking of copper complexation sites 

in soil. This hypothesis is supported by the 10% increase in copper complexation to 

an oxisol at a pH higher than 5 when the soil NOM was partially removed by 

oxidation.

5. There is a significant release of aluminum from NOM, poorly crystalline minerals or 

amorphous materials during copper sorption in the pH range of 3 to 6.5. Any studies 

to estimate soil surface charge or to model the sorption of copper to this type of soil 

should consider aluminum hydrolysis.

6. NOM fractions with more aluminum and iron in their chemical compositions do not 

affect copper sorption to the oxisol. In contrast, NOM fractions with less iron and 

aluminum significantly affect sorption of copper by an oxisol. This fact supports the 

hypothesis that NOM sites for complexation of copper may already be occupied by 

aluminum and iron.
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7. Copper complexes more strongly with more aromatic fractions in soil NOM than with 

aliphatic fractions. This fact supports the chemical mechanism proposed by other 

researchers who suggest that carboxylic and phenolic functional groups attached to 

aromatic ring s are the main sites on NOM for copper complexation through 

chelation.

Future work

1. Extended work using elemental mapping by EDX spectroscopy is strongly 

recommended for chemical characterization of poorly crystalline minerals such as 

iron and aluminum oxyhydroxides.

2. Analysis of protons produced due to the aluminum hydrolysis should be made 

through comparison of experimental (titration) data and thermodynamic modeling. 

This estimation will help provide a more precise values for the soil surface charge and 

help to better model the sorption of trace metals to this type of soil through the use of 

surface complexation models.

3. Surface complexation modeling of copper before and after partial oxidation of NOM 

by NaOCl is recommended. This type of modeling can be considered a tool to support 

the data obtained in Chapter 3 and to test some possible sorption mechanisms 

involving copper and oxisols.

4. Copper titrations of the humic and fulvic acid obtained from the NOM extracted by 

0.001 M NaOH would directly test the postulated that copper complexes more 

strongly with the humic acid fraction than the fulvic acid fraction.
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5. Copper titrations of fulvic acid obtained from the NOM extracted by 0.001 M NaOH 

with the addition of some iron and aluminum salts during titration would further test 

the hypothesis of iron and aluminum competition with copper for the same NOM 

sites.

6. Development of projects is recommended to study the ability of these soils to sorb 

organic compounds that would have similar physical and chemical characteristics to 

those identified the landfill leachate. This type of work would greatly facilitate 

evaluation of the severity of the environmental impact of the landfill activities at that 

the Brasilia site.
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A p p e n d ix  A

This appendix contains raw data for Chapters 2 and 3. Experimental data for soil

characterization (Chapter 2) made in the Brazilian soil research institution

(EMBRAPA) is already presented within the chapter. For other experiments related to 

soil characterization and performed at the Colorado School of Mines, the raw data is 

presented here. The following are:

1- Soil total organic carbon.

2- Soil iron and aluminum amorphous material extraction.

3- Soil iron and aluminum bulk composition.

4- Soil point of zero salt effect (PZSE).

5- Kinetics of copper sorption to oxisol from Ai horizon.

6- Isotherms of copper sorption to three soil horizons (AI, Bw2, and C2) before and 

after partial NOM oxidation by NaOCl

7- Copper sorption edge on three soil horizons, at 0.01 M NaNOg, before and after 

partial NOM oxidation by NaOCl.

8- Copper sorption edge of untreated and treated soil horizons by NaOCl with 0.1 M 

NaN03.

9- Aluminum and iron dissolution during copper sorption to untreated and treated soil 

at 0.01 M NaNOg.
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1. Soil total organic carbon.

Soil

horizon

Depth(cm) Total Carbon %

A1 0 2.33

0 2.31

0 2.32

AB 19 2.04

19 1.74

19 1.83

BA 47 1.23

47 1.25

47 1.22
BW1 73 1

73 1.03

73 1
BW2 117 0.84

117 0.83

117 0.84

BW3 197 0.7

197 0.68
197 0.72

BC 263 0.61

263 0.58

263 0.64

C1 350 0.35

350 0.41

350 0.44

C2 480 0.35

480 0.35

480 0.36

2C3 590 0.2
590 0.26

590 0.23
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2. Soil iron and aluminum amorphous extraction (Schwertmann, 1964).

ICP-AES (mg/l) g /Kg of soil

Horizon Dissolved AI Fe Dry soil Vol. AI Fe

soil (g) (g) (ml)
A1 0.086 13.498 8.113 0.1829 36.58 2.70 1.62

A1 0.092 17.432 10.172 0.1787 35.74 3.49 2.03

BW2 0.095 14.238 5.440 0.1907 38.14 2.85 1.09
BW2 0.095 13.872 5.792 0.1932 38.04 2.77 1.16
C2 0.092 8.880 3.144 0.1801 36.02 1.78 0.63
C2 0.101 11.735 4.156 0.1723 34.46 2.35 0.83

3. Soil bulk iron and aluminum bulk composition.

Soil Fe and AI bulk composition:

Soil

horizon:

Mass of soil 

(9)

AI

(mg/L)

Fe

(mg/L)

AI % Fe%

A1 0.50 3086.7 1469.6 15.4 7.3
A1 0.25 1617.5 772.1 16.2 7.7

BW2 0.50 3250.0 1520.8 16.3 7.6
BW2 0.50 3275.7 1528.0 16.4 7.6

BW2 0.25 1732.0 814.1 17.3 8.1

C2 0.50 3348.0 1577.5 16.7 7.9

C2 0.25 1686.7 800.5 16.9 8.0
02 0.10 642.9 345.2 16.1 8.6

Blank 0 0 0.06 0 0

Blank 0 0 0.017 0 0
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4. Soil point of zero salt effect (PZSE):

Ai Horizon:

NaCI (M) pH mmols H+/ kg of soil pH mmols H7 kg of soil
0.01 3.36 1.8 3.40 2.3

0.1 3.36 4.3 3.40 4.6
1 3.36 6.8 3.40 7.3

0.01 4.17 0.4 4.20 0.8

0.1 4.17 2.7 4.20 1.5
1 4.17 2.3 4.20 2.6

0.01 4.21 0.4 4.23 0.8
0.1 4.21 1.9 4.23 1.17
1 4.21 1.2 4.23 2.6

0.01 4.47 0.2 4.49 0.2
0.1 4.47 0.5 4.49 0.6
1 4.47 1.0 4.49 0.7

0.01 4.74 -0.4 4.76 -0.4
0.1 4.74 -0.5 4.76 -0.7
1 4.74 -0.6 4.76 -0.5

0.01 5.04 -0.5 5.00 -0.2

0.1 5.04 -0.8 5.00 -0.7
1 5.04 -0.7 5.00 -1

0.01 5.56 0.0 5.60 -0.3

0.1 5.56 -0.3 5.60 -0.8
1 5.56 -0.4 5.60 -0.8
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Bw2 Horizon:

NaCI (M) pH mmoles H+/kg of 

soil
pH mmoles hT/kg of 

soil

0.01 3.29 5.01 3.5 5.50

0.1 3.29 13.22 3.5 13.80
1 3.29 16.74 3.5 17.20

0.01 4.34 1.35 4.5 1.90

0.1 4.34 2.45 4.5 2.90

1 4.34 3.05 4.5 3.70
0.01 5.38 0.16 5.49 0.10
0.1 5.38 0.23 5.49 0.25
1 5.38 0.26 5.49 0.32

0.01 6.76 0.00 6.9 0.00
0.1 6.76 0.00 6.9 0.00
1 6.76 0.00 6.9 0.00

0.01 9.08 -0.67 9 -0.67

0.1 9.08 -1.00 9 -1.01
1 9.08 -1.06 9 -1.06

0.01 10.24 -7.84 10.3 -7.86

0.1 10.24 -15.13 10.3 -15.13
1 10.24 -17.82 10.3 -17.82
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C i  Horizon:

NaCI (M) pH Mmoles H+/kg of 
soil

pH Mmoles H+/kg of 
soil

0.01 3.318 5.661 3.287 6.90

0.1 3.318 14.844 3.287 17.2

1 3.318 17.013 3.287 21.0

0.01 4.470 1.267 4.449 1.70

0.1 4.470 2.592 4.449 2.70
1 4.470 3.148 4.449 3.30

0.01 5.528 0.155 5.558 0.20
0.1 5.528 0.251 5.558 0.20
1 5.528 0.273 5.558 0.30

0.01 7.013 -0.002 7.134 -0.002

0.1 7.013 -0.004 7.134 -0.004
1 7.013 -0.004 7.134 -0.003

0.01 8.451 -0.134 8.520 -0.136
0.1 8.451 -0.201 8.520 -0.203

1 8.451 -0.234 8.520 -0.236
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5. Kinetics of copper sorption to an oxisol sample from the Ai horizon.

Sample ID Cu (mg/l)

1 2hrs 0.194

2 2hrs 0.163

3 6hrs 0.164
4 6hrs 0.135

5 18 hrs 0.110
6 18 hrs 0.116
7 24hrs 0.093
8 24hrs 0.103
9 48hrs 0.081
10 48hrs 0.097

11 72hrs 0.082
12 72hrs 0.078

blank 2hr 0.644
blank 6hr 0.639

blank 18hrs 0.627

blank 24hs 0.623
blank 48hrs 0.530

blank 72 hrs 0.610
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6. Isotherms of copper sorption to three soil horizons (Al, Bw2, and C2) before and 

after partial NOM oxidation by NaOCl.

Ai Horizon untreated.

mmoles Cu(ll) in solution mmoles Cu /Kg of soil

0.00E+00 1.21 E+00
0.00E+00 1.21 E+00
4.00E-04 3.12E+OO
3.78E-04 3.55E+00
3.71 E-04 3.55E+00
1.44E-03 3.23E+OO
1.31 E-03 3.59E+00
8.61 E-04 3.73E+00
3.23E-03 5.20E+00
3.13E-O3 5.23E+00
1.69E-03 4.93E+00
8.50E-04 5.18E+00
7.87E-03 1.29E+01
9.92E-03 1.23E+01
1.73E-02 1.48E+01
1.84E-02 1.50E+01
4.96E-02 1.79E+01
5.06E-02 1.77E+01
6.85E-02 1.68E+01
6.87E-02 1.68E+01
8.3OE-O2 1.77E+01
8.32E-02 1.75E+01
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Ai Horizon treated with NaOCl.

mmoles Cu(ll) in 

solution

mmoles Cu /Kg of soil

1.97E-03 2.82E+00

1.68E-03 2.90E+00

9.13E-03 8.17E+00

1.03E-02 7.81 E+00
3.25E-02 9.80E+00
2.59E-02 1.18E+01
5.93E-02 1.31E+01
6.14E-02 1.25E+01
8.60E-02 1.30E+01
8.89E-02 1.21E+01
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1.29E-04 

2.05E-04 

6.61 E-04 

3.80E-03 

2.25E-03 

1.50E-03 

3.27E-03 

3.27E-03 

1.64E-03 

2.68E-03 

3.04E-03 

1.20E-02 

1.17E-02 

4.43E-02 

8.72E-02 

6.80E-02 

5.89E-02

1.18E+00 

1.16E+00 

2.92E+00 

2.52E+00 

2.98E+OO 

3.54E+00 

3.00E+00 

5.19E+00 

5.68E+00 

4.63E+00 

4.52E+00 

3.72E+00 

3.82E+OO 

7.21 E+00 

6.54E+00 

1.24E+O1 

1.98E+01

Bw2 Horizon untreated.

mmoles C(ll) 

in solution

mmoles Cu/Kg of 

soil
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Bw2 Horizon treated with NaOCl.

mmoles Cu (II) in 

solution

mmoles Cu /Kg of 

soil

2.05E-03 2.79E+00
2.01 E-03 2.80E+00
5.74E-03 9.19E+00
1.15E-02 7.46E+00
2.72E-02 1.14E+01
1.42E-02 1.53E+01
6.51 E-02 1.13E+O1
5.58E-02 1.42E+01
9.63E-02 9.83E+OO
7.36E-02 1.67E+01
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Cz Horizon untreated.

mmoles Cu (II) mmoles Cu /Kg of

in solution soil

5.67 E-04 1.05E+00
3.78E-04 1.10E+00
2.51 E-03 2.14E+00
4.31 E-03 2.36E+00
4.33E-03 2.35E+00
2.42E-03 3.26E+00
1.92E-03 3.41 E+00

4.54E-03 4.81 E+00
4.00E-03 4.97E+00
3.79E-03 4.29E+00
2.14E-02 1.37E+01

2.16E-02 1.36E+01

2.83E-02 1.16E+01

2.56E-02 1.24E+01
6.66E-02 1.28E+01

6.73E-02 1.26E+01

8.36E-02 1.23E+01

8.14E-02 1.30E+01
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Ci Horizon treated with NaOCl.

mmoles Cu(ll) in mmoles Cu /Kg

solution of soil

3.62E-03 2.32E+OO

3.63E-03 2.31 E+00
1.69E-02 5.81 E+00
1.72E-02 5.72E+00
3.27E-02 5.18E+00
2.58E-02 7.27E+00
4.21 E-02 6.89E+00
3.51 E-02 9.01 E+00
9.15E-02 1.13E+01
8.74E-02 1.25E+01
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7. Copper sorption edge for three soil horizons, at 0.01 M NaNOg, before and after partial 

NOM oxidation by NaOCl.

Ai Horizon untreated:

pH % Cu (II) sorbed to soil

3.08 12.5
3.10 14.0
3.21 18.2
3.23 20.0
3.46 25.4
3.50 26.0
3.92 52.0
4.00 55.0
4.13 63.9
4.22 70.0
4.42 80.4

4.51 82.0
4.83 89.9

5.00 91.0
5.23 92.7

5.40 93.0

5.69 92.6

5.80 93.0

6.12 90.9

6.15 91.0
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Ai Horizon treated

pH % Cu sorbed to 

soil

2.87 18.1
3.07 29.5
3.57 29.4
3.74 40.0
4.12 35.0
4.22 47.8
4.51 66.7
4.6 69.8
5.01 85.9
5.1 91.7

5.51 96.9
5.55 98.1
5.94 100.0

6.23 100.0
6.53 100.0

6.53 100.0
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Bw2 Horizon untreated

pH % Cu (II) sorbed to soil

3.49 11.4
3.49 13.0
3.76 28.2
4.09 44.8
4.19 49.0
4.25 63.0
4.75 75.0
4.80 79.0
4.99 84.2
5.25 87.0
5.50 90.0
5.75 91.0
6.26 90.9
6.28 90.5
6.54 91.5
3.49 13.0
3.80 29.0
4.12 50.0
4.21 55.0
4.50 57.0
5.00 85.0
6.25 92.0
6.30 91.0
6.50 92.0
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Bw2 Horizon after NaOCl treatment.

pH % Cu (II) sorbed to 

soil

3.06 17.5
3.03 22.0
3.60 25.3
3.69 30.3
4.25 52.3
4.36 44.8
4.57 68.4

4.90 77.3
5.29 94.1

5.36 85.3
5.44 98.9
5.39 91.6
5.93 99.5
6.26 100.0
6.17 100.0

6.32 100.0
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C] Horizon untreated.

pH % Cu (II) sorbed to 

soil

3.10 6.0

3.20 7.2

3.40 7.4

3.50 8.0
3.75 9.6
3.80 12.0

4.09 23.2

4.12 25.0
4.31 42.5

4.35 45.0

4.47 48.6

4.50 50.0

4.90 73.7

5.00 76.0

5.85 89.0

6.22 89.6

6.25 90.0

6.28 89.9

6.31 90.0

6.50 92.0

6.54 92.4
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Cz Horizon treated with NaOCl.

pH % Cu (II) sorbed to 

soil

2.98 3.8

2.91 2.0
3.63 10.1
3.77 15.5

4.26 25.8
4.26 23.3
4.68 52.9

4.85 58.2
5.22 81.6
5.22 81.8

5.9 97.6

5.92 100.0
6.35 99.6

6.43 100.0
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8. Copper sorption edge for untreated and soil horizons treated with NaOCl with 0.1 

M NaNOs.

Ai Horizon untreated.

pH Fraction of Cu 

sorbed

2.87 0.07

3.51 0.34

4.01 0.52
4.49 0.57

4.88 0.75
5.04 0.79
5.77 0.98
5.93 0.98
6.25 0.99

Ai Horizon treated.

pH Fraction of Cu 

sorbed

2.99 0.21

3.57 0.28

4.21 0.29

4.55 0.36

4.77 0.48

5.16 0.73

6.19 0.97

6.60 0.99
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Bw2 Horizon untreated.

pH Fraction Cu sorbed

3.02 0.10
3.56 0.17

4.33 0.36
4.54 0.47
4.98 0.64
5.00 0.70
5.84 0.97
6.34 1.00
6.46 0.99

Bw2 Horizon treated with NaOCl

pH Fraction of Cu 

sorbed

3.04 0.28

3.13 0.30
3.57 0.13
3.74 0.11
4.17 0.20

4.54 0.44

4.96 0.48

5.05 0.74

6.07 0.96

6.52 0.98



201

Cj  Horizon untreated.

pH Fraction of Cu 

sorbed

2.98 0.02

3.57 0.03

4.03 0.19

4.51 0.34

4.98 0.47

5.1 0.63
6.01 0.96

6 0.95

6.53 0.99

C2 Horizon treated.

pH Fraction of Cu 

sorbed

3.01 0.03

3.61 0.24

4.05 0.21

4.73 0.43

5.09 0.50

5.95 0.93

6.53 0.98
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9. Aluminum and iron dissolution during copper sorption to untreated and treated soil at 

0.01 M NaNOa, soil (0.132 g ) at 40 ml solution of 0.01 M NaNOs.

A l Horizon untreated

Samples pH Al (mg/L) Fe (mg/l)

1 3.08 0.914 0.078
2 3.08 0.910 0.080
3 3.21 0.765 0.041
4 3.25 0.775 0.040
5 3.46 0.599 0.002
6 3.50 0.610 0.002
7 3.92 0.157 0.002
8 3.90 0.160 0.002
9 4.13 0.047 0.002

10 4.10 0.050 0.003
11 4.42 0.025 0.002

12 4.50 0.025 0.002
13 4.83 0.037 0.002
14 4.80 0.040 0.003
15 5.23 0.308 0.002
16 5.25 0.310 0.002
17 5.69 0.444 0.002
18 5.70 0.445 0.002
19 6.12 0.938 0.001
20 6.25 0.940 0.001
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Al Horizon treated with NaOCl.

Samples pH Al (mg/L) Fe (mg/l)

1 3.07 2.955 0.805

2 3.57 2.233 0.552

3 4.12 1.473 0.544

4 4.6 0.559 0.169

5 5.01 0.455 0.181
6 5.51 0.318 0.116
7 5.94 0.148 0.054

8 6.53 0.173 0.076
9 3.1 2.95 0.807
10 3.6 2.24 0.56
11 4.15 1.475 0.57
12 4.7 0.57 0.17

13 5 0.46 0.18
14 5.5 0.32 0.12

15 6 0.15 0.06

16 6.5 0.18 0.077
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Bw2 Horizon untreated.

Sample pH Al (mg/L) Fe (mg/l)

1 3.33 1.093 0.1689

2 3.32 0.981 0.0643
3 3.49 0.896 0.1521
4 3.76 0.372 0.0677
5 4.09 0.415 0.1385
6 4.19 0.404 0.1565
7 4.45 0.09 0.155
8 4.99 0.1246 0.0512
9 6.26 0.1948 0.1478
10 6.28 0.1615 0.066
11 6.54 0.637 0.2647

12 6.55 0.640 0.265
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Bw2 Horizon treated with NaOCl.

Samples pH Al (mg/L) Fe (mg/l)

1 3.06 3.700 0.922

2 3.6 3.242 0.995

3 4.25 1.185 0.48
4 4.57 0.736 0.273
5 5.29 0.762 0.286
6 5.44 0.43 0.171

7 6.17 0.245 0.104
8 6.26 0.265 0.098
9 3.03 3.739 1.101
10 3.69 3.218 1.086
11 4.36 1.713 0.689
12 4.9 1.004 0.421

13 5.36 0.569 0.275
14 5.39 0.573 1.092
15 5.93 0.375 0.163
16 6.32 0.362 0.121
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C2 Horizon untreated.

Samples pH Al (mg/L) Fe (mg/l)

1 3.1 0.930 0.110

2 3 0.942 0.118

3 3.2 1.108 0.254

4 3.4 0.743 0.130

5 3.75 0.514 0.425

6 4.09 0.405 0.139
7 4.31 0.358 0.147
8 4.47 0.322 0.131
9 4.9 0.491 0.222

10 6.22 0.521 0.222
11 6.28 1.208 0.510
12 6.54 0.711 0.310
13 6.5 0.710 0.310
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C2 Horizon treated with NaOCl.

Samples pH Al (mg/L) Fe (mg/l)

1 2.98 1.739 0.230
2 3.63 1.454 0.304
3 4.26 0.315 0.099
4 4.68 0.338 0.141
5 5.22 0.727 0.312
6 5.34 0.359 0.144
7 5.92 0.296 0.125
8 6.43 0.524 0.155
9 2.91 1.901 0.282
10 3.77 0.919 0.187
11 4.26 0.428 0.131
12 4.85 0.288 0.117
13 5.22 0.399 0.158
14 5.9 0.351 0.145
15 6.35 0.215 0.088
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A p p e n d ix  B

This appendix contains raw data for chapter 4. The experiments are made only on

samples from Al horizon. All experiments were made using lOpM copper solution at

0.01 M NaNOs. The following are:

1 - One set of copper sorption data for untreated soil samples and soil samples that had 

partial NOM removal by 0.001 NaOH, 0.5 M NaOH (at 55°C), (5% by vol.) NaOCl.

2- One set of copper sorption data for untreated soil samples and soil samples that had 

different types of additional NOM sorbed to the soil.

3- Acid and base titration of NOM extracted by 0.001 M NaOH before and after 

sorption to soil.

4- Copper titration of NOM extracted by 0.001 M NaOH before and after sorption to 

soil (10 mM of Cu(II) and 0.05 M KNOs and at pH = 6.0).
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One set of copper sorption on untreated soil samples and soil samples that had
partial NOM removal by 0.001 and 0.5 M NaOH, (5% by vol.) NaOCl.

a- Copper sorption on untreated soil samples.

pH Fraction of Cu (II) sorbed to 

soil

3.08 0.125

3.10 0.140

3.21 0.182

3.23 0.200

3.46 0.254

3.50 0.260
3.92 0.520

4.00 0.550

4.13 0.639
4.22 0.700
4.42 0.804
4.51 0.820

4.83 0.899
5.00 0.910

5.23 0.927

5.40 0.930

5.69 0.926

5.80 0.930
6.12 0.909
6.15 0.910
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b- Copper sorption on soil after NOM extractino by 0.001 M NaOH.

pH Fraction Cu sorbed

3.07 0.17

3.13 0.15

3.67 0.32

3.67 0.21

3.99 0.45

4.05 0.27

4.48 0.67

4.42 0.66
5.52 0.98
5.59 0.98

6.01 0.99
5.85 0.99
6.35 0.99
6.65 0.99
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c-Copper sorption to soil after NOM extraction by 0.5 M NaOH at 55°C.

pH Fraction Cu sorbed

2.98 0.27

2.98 0.21

3.45 0.33

3.5 0.36

4.05 0.59
4.06 0.57
4.53 0.80
4.62 0.85
5.05 0.94

5.05 0.94
5.45 0.98
5.59 0.99
6.12 0.99
6.15 0.99
6.5 0.98

6.47 0.99
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d- Copper sorption on soil after NOM oxidation by (5%) NaOCl.

pH % Cu sorbed to 

soil

2.85 0.180
2.87 0.181

3.07 0.295
3.57 0.294

3.74 0.400
4.12 0.350
4.22 0.478
4.51 0.667
4.6 0.698
5.01 0.859
5.1 0.917

5.51 0.969
5.55 0.981
5.94 1.000
6.23 1.000
6.53 1.000
6.53 1.000
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2- One set of copper sorption to untreated soil samples and soil samples that had different 

types of NOM sorbed to the soil.

a- Copper sorption to untreated soil samples.

pH Fraction of Cu(ll) 

sorbed to soil

3.08 0.125

3.10 0.140

3.21 0.182

3.23 0.200

3.46 0.254

3.50 0.260
3.92 0.520

4.00 0.550
4.13 0.639
4.22 0.700
4.42 0.804

4.51 0.820
4.83 0.899
5.00 0.910

5.23 0.927

5.40 0.930

5.69 0.926

5.80 0.930
6.12 0.909

6.15 0.910
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b- Copper sorption to soil after sorption of NOM extracted by 0.001 M NaOH.

pH Fraction of Cu sorbed

3.13 0.332

3.12 0.361

3.53 0.530

3.49 0.630

4.02 0.656

4.03 0.697
4.54 0.879
4.48 0.841

5.65 0.865
5.4 0.855

6.11 0.873
5.78 0.872

6.39 0.834

6.11 0.852

6.45 0.840
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c- Copper sorption to soil after sorption of humic acid from NOM extracted by 0.001 

M NaOH.

pH Fraction of Cu sorbed

3.06 0.279

3.05 0.290
3.57 0.474

3.58 0.474

3.95 0.444

3.93 0.603
4.37 0.614
4.38 0.815
5.16 0.812
4.98 0.965
5.5 0.957

5.56 0.968
6.25 0.969
6.13 0.941

6.55 0.950
6.5 0.950
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d- Copper sorption to soil after sorption of NOM extracted by 0.001 M NaOH treated 

with Chelex 100 resin.

pH Fraction Cu sorbed

2.98 0.507

3.00 0.500

3.51 0.686

3.52 0.702

4.10 0.878

4.12 0.881

4.46 0.921
4.99 0.911
4.99 0.931

5.11 0.928
5.41 0.921
5.44 0.921

5.90 0.885
5.90 0.898

6.43 0.873
6.50 0.860
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e- Copper sorption to soil after sorption of fulvic acid from NOM extracted by 

0.001M NaOH.

pH Fraction of Cu sorbed

2.98 0.507

3.00 0.500

3.51 0.686
3.52 0.702
4.10 0.878
4.12 0.881
4.46 0.921
4.99 0.911
4.99 0.931
5.11 0.928
5.41 0.921
5.44 0.921
5.90 0.885
5.90 0.898
6.43 0.873
6.50 0.860
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3- Acid and base titration of NOM extracted by 0.001 M NaOH before and after 

sorption to soil.

a- NOM acid titration before sorption to soil.

pH meq H*./g C

9.97 0.015

9.96 0.016

9.91 0.013

9.86 0.009

9.80 0.010
9.73 0.010
9.65 0.013
9.55 0.018

9.43 0.024
9.25 0.036
9.10 0.046
9.00 0.054

8.98 0.057

8.90 0.063
8.80 0.070

8.70 0.078
8.60 0.085

8.50 0.092
8.40 0.097

8.35 0.098
8.20 0.130

8.15 0.128
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8.10 0.131

8.00 0.137

7.90 0.144

7.80 0.152

7.70 0.159

7.60 0.167

7.50 0.174
7.40 0.182
7.30 0.191
7.20 0.198
7.10 0.206
7.00 0.213

6.90 0.220
6.80 0.229
6.70 0.237
6.60 0.244

6.50 0.253
6.40 0.261
6.30 0.270
6.27 0.271
6.20 0.277
6.00 0.293
5.90 0.302

5.80 0.311

5.70 0.320

5.60 0.329

5.50 0.340
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5.40 0.349
5.30 0.359

5.22 0.366

5.10 0.378

4.84 0.407

4.62 0.432

4.48 0.448

4.19 0.486
4.01 0.508
3.88 0.524

3.78 0.538
3.70 0.547

3.63 0.554
3.58 0.562
3.52 0.566
3.48 0.572

3.43 0.576
3.40 0.579
3.36 0.584
3.33 0.588
3.30 0.593
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c- NOM acid titration after sorption to soil.

pH meq H+./g C

9.73 -0.037

9.65 -0.033

9.55 -0.027

9.43 -0.019

9.25 -0.004

8.98 0.016

8.63 0.042

8.45 0.050

8.20 0.082

7.90 0.108
7.75 0.135

7.50 0.151

7.25 0.168

7.00 0.185

6.75 0.203

6.50 0.221

6.27 0.239

6.00 0.260

5.75 0.279

5.50 0.300

5.22 0.323

5.00 0.344

4.84 0.359
4.62 0.381

4.48 0.398



222

4.19 0.429

4.01 0.449

3.88 0.466

3.78 0.476

3.70 0.487

3.63 0.494

3.58 0.501

3.52 0.507

3.48 0.513

3.43 0.519

3.40 0.525

3.36 0.531

3.33 0.537

3.30 0.544



223

d-NOM base titration before sorption to soil

pH meq OH./g C

3.31 0.242

3.31 0.242

3.35 0.243

3.39 0.245
3.43 0.248
3.48 0.252
3.53 0.257

3.59 0.263
3.66 0.272
3.74 0.282
3.84 0.293

3.97 0.310
4.16 0.335
4.24 0.345
4.34 0.357
4.47 0.373
4.64 0.393
4.95 0.425
5.25 0.455
5.55 0.482

5.85 0.507

6.16 0.530

6.46 0.552

6.76 0.573

7.07 0.595
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7.37 0.617

7.67 0.640

7.98 0.650

8.28 0.678

8.57 0.702

9.12 0.747

9.37 0.768

9.53 0.782

9.81 0.802

9.99 0.807
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d-NOM base titration after sorption to soil

pH meq OH./g C

3.31 0.002

3.31 0.003

3.35 0.017

3.39 0.028

3.43 0.038

3.48 0.048

3.53 0.060

3.59 0.068

3.66 0.080

3.74 0.092

3.84 0.103

3.97 0.118

4.16 0.140

4.24 0.148
4.34 0.158

4.47 0.172

4.64 0.188

4.95 0.217

5.15 0.233

5.30 0.247

5.45 0.260

5.60 0.272

5.75 0.283

5.85 0.292

6.00 0.303
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6.15 0.315

6.30 0.328

6.45 0.340

6.60 0.352

6.75 0.363

6.90 0.375

7.05 0.388
7.20 0.400

7.35 0.413
7.50 0.427

7.65 0.442
7.80 0.460

7.95 0.477
7.96 0.483
8.32 0.492
8.57 0.510
8.65 0.518
8.80 0.535

8.95 0.550
9.12 0.568
9.37 0.595

9.53 0.610

9.81 0.633

9.99 0.638
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4- Copper titration of NOM extracted by 0.001 M NaOH before and after sorption to 

soil.

a- Copper titration before NOM sorption to soil.

Blank titration: Cu titration: Cu titration (duplicate):

Log Cu M mV Log Cu M mV Log Cu M mV

-6.30206 77.6 -6.30204 12.9 -6.30204 13.1

-5.82494 85.4 -5.82492 38.1 -5.82492 38.3

-5.45696 96.4 -5.45694 59.3 -5.45694 59.4

-5.07161 106.1 -5.07159 81.1 -5.07159 81.2

-4.73386 116 -4.73383 100.3 -4.73383 100.4
-4.16534 132.9 -4.16532 126.3 -4.16532 126.4

-3.77443 144.2 -3.77441 140.7 -3.77441 140.8
-3.43459 154.2 -3.43457 151.9 -3.43457 151.9

-3.06226 164.9 -3.06224 163.1 -3.06224 163.1

-2.72953 174.2 -2.72951 172.4 -2.72951 172.4
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b-Copper titration after NOM sorption to soil.

Blank titration: Cu titration:

LogCu(M) emf(mV)

-6.30 64.6

-5.82 76.7

-5.46 86.8

-5.07 98

-4.73 107.9

-4.16 124.5

-3.77 135.6

-3.43 145.2

-3.06 155.7

-2.73 164.9

LogCu(M) emf(m\Z)

-6.30 35.8

-5.82 49.2

-5.46 64

-5.07 81.9
-4.73 97.5

-4.16 120.6
-3.77 133.7

-3.43 144.6

-3.06 155.6

-2.73 164.8


