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ABSTRACT

Very little is known of the interactions of humic substances with
the various anions in the soil environment, other than several reports
of adsorption of phosphate, silica, borate, and fluoride and exclusion
(negative adsorption) of chloride. The object of this research was to
expand the knowledge of the interactions of humic substances with the
anions nitrate, ethylenediamine di(g-hydroxyphenylacetic acid) [EDDHA]
and borate. In the course of the research, analytical techniques
employing ion chromatography for nitrate and EDDHA have been developed
and published.

Nitrate was found to be excluded by sodium humate solutions under
all conditions tested--pH 3.5 to 6 and ionic strength from 1 mM to
100 mM. At pH 6 and 1 mM electrolyte, exclusion was as much as
400 mL g"1 humic acid.

The adsorption of FeEDDHA on humic acid was dependent upon pH and
ionic strength. At pH 3.5 and 25 KM, adsorption was 30 Kmol g-! at 18O
mM NaCl and 12 Hmol g’1 in 0.8 mM NaCl. Some adsorption is still present
at pH 4.5, but at pH values from 6.8 to 11 tﬁe net interaction is
exclusion; exclusibn of FeEDDHA may bé as much as 350 mL g”1 humic acid.
The adsorption mechanism is proposed to be one of hydrogen banding with
carboxylic groups of the humic acid.

Boric acid was found to be unreactive with humic acid at pH 5, to
be adsorbed at pH 7.5 to 8.5, and excluded at pH 10.5. Adsorption at

1 mM boric acid/borate did not exceed 0.05 mmol g"1 humic acid. The
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adsorption mechanism is probably due to condensation between B(OH),™ and
either cis-diol or catechol ligands present in small quantities in the
humic acid.

Exclusion phenomena due to electrostatic repulsion between the
solute anion and the humic macromolecule were measured for all three
anions cohsidered, at least under conditions of neutral or basic pH.

Nitrate exclusion data were combined with acid-base titration data using
double ele;tric layer theory with cylindrical geometry to model the
electrostatic behavior of extended linear polyelectrolytes; the model
yields an apparent radius of 0.35 to 0.85 nm, depending upon degree of
ionization, for the humic macromolecule. These dimensions are similar to
those of other biomolecules such as DNA and o-helix and are in

accqrdance with well-known models of chemical structure of humic

substances.



INTRODUCTION

LITERATURE REVIEW

0Of all of the organic carbon at the earth’s surface, thereby
excluding coals and sediments, some 30%1014 kg C are present as soil
organic matter compared to Sx10l4 kg C present in the biomass (Bohn,
1976). Considering some 60-70% of soil organic matter to be composed of
humic substances (Schnitzer, 1978), the quantity of humic substances on
earth exceeds that of 1living organisms at 1least threefold. Humic
substances are however unlike the organic compounds of living organisms
which are manufactured according to genetic instructions and therefore
may be regarded as having well—defined; even if complex, composition and
structure. In marked contrast, humic substances are heterogenocus with
respect to size and composition by nature, not by artifact, so many of
the standard procedures for extraction and isolation of individual
organicw eompounds are not applicable here, as they are in orgahic
chemistry and biochemistry. Instead, the best that can be hoped for |is
standardized extraction, fractionation, and pdrification without major
alteration of the natural product, iﬁcluding its heterogeneity. It would
be unreasonable to neglect for reasons of convenience the research of
humic substances, heterogenous as they may be, since they not only
exceed on a weight basis any organic homogenous compound, or all of them
together, but also play a major role in shaping so0il structure and
chemistry, an essential element for all terrestrial life, as well aé

serving as the ultimate fate of much of the biomass.



Humic substances are by nature dark-colored substances ' originating
from microbial decomposition of lignin and/or cellulose, and wiih a mean
residence time in the soil of several hundred to several thousand years.
Typically, hgmiC»substances are fractionated on the basis of solubility
and include humi¢ acid (soluble in alkali, insoluble in acid), fulvic
acid (soluble in alkali and acid) and humin (insoluble in‘either alkali
or acid). Humic substances contain significant gquantities of aromatic
carbon; kﬁown functional groups include carboxyl, phenolic, quinone,
alcoholic, ketonic, and methoxy groups. The material is macromolecular
with a molecular weights typically ranging from 500-2000 for fulvic
~acids to 50,000-100,000 dalton for humic acids. In the @200 vyears of
humus chemistry, every attempt to fractionate humic acids into a finite
number of fractions based on properties of size or charge have failed to
produce truly homogenous preparations.

Intensive research has elucidated many aspects of humic chemistry,
particularly that of humic acids. Investigation of the reactions of the
acidic functional = groups has lead to measurements of the acid strength
of numerous preparations of humic acid, as well as the stability
constants for numerous cations of the alkali earth and transition metal
groups; this aspect of humus chemistry has had direct implications on
the understanding of cation exchange phenomena, as well as mobility of
trace elements in the soil. Research has also been conducted on the
reaction of huméteg with many nonpolar, hydrophobic substances of types
which comprise many pesticides, with direct application to pesticide
chemistry in the soil. Various aspects of the colloidal chemistry of
humic substances in solution, particularly sodium humates, have measured

particle sizes, diffusion coefficients, and viscosity. Understanding of



the humic substances has benefited from the application of physical
methods of chemical analysis such as infrared spectroscopy, electron
spin resonance spectrometry and nuclear magnetic resonance spectrometry,
both liquid- and solid-state.

One aspect of humate chemistry which has not been intensively
studied is the reaction of humic substances with anionic molecules of
various types or their acids. Book-length reviews on soil organic matter
and humic substances and their chemistry by M. Kononova (1966),
Schnitzer (1978), F. J. Stevenson (1982), G. C. Choudry (1984) and G. R.
Aiken et al. (1985) do not mention this subject at all. The several
reports of anion interactions with humic substances scattered through
the literature include adsorption through condensation (borate and
possibly silica), adsarption through a partially coordinated metal ion
(phosphate and fluoride) and anion exclusion (chloride).

Considerable evidence collected for whole soils points to the role
of soil organic matter in boron solubility, sorption and availability in
the soil. Bergersand Truog (1945) found that boron availability in 34
virgin and 48 cultivated soils was most significantly correlated with
organic matter content (r = 0.83). Baser and Saxena (1967) found that
soluble boron in 30 Indian soils was correlated with organic matter
content. Elrashidi and 0’Connor (1982) introduced an organic carbon term
into a multiple linear regression model which explained 98% of the
variation of boron adsorption in a group of soils. Evans (1987) found
that for nine Canadian soils the boron adsorption maxima of nine
Canadian soils with pH > 6.8 were correlated with both organic carbon
(r = 0.87). Russeil (1973) speculated that the reaction between boron

and soil organic matter was due to boric acid condensing with diol



groups associated with carboxylic groups of humic acid. In what appears
to be the only research on boron retention of pure humic acid systems,
Parks and White (1952) found that calcium humate extracted with
bicarbonate retained 0.6 mg B g'l HA at 9 mg Lt soluble B,
bicarbonate-extracted humic acid retained 1.4 mg B 9“1 HA at 7.8 mg L1,
and a pyrophosphate-extracted humic acid retainéd 18.2 mg B g"1 HA at 44
mg Lt B; no pH control was reported and other than the three
measuremen%s reported here, no adsorption isotherms were measured.
Results were attributed by Parks and White to be due to cis- diols
present in the humic acid.

Another ubiquitous component of soil chemistry, silica, also
appears to react with humic substances. Silica is a significant
component of the ash impurities of crude humic acid preparations
(Stevenson, 1982), which 1is in itself not surprising considering that
amorphous silica is also extractable from soils with NaOH. On the other
hand, the drastic means required for the removal of silica from the
crude humate preparation may indicate some type of reaction; use of
0.3 N HF is not unusual. Griffith and Schnitzer (1973) found that even
36 hr in 0.5% HCl+HF left between 9-13% silica in humic acids. Schnitzer
and Desjardins (1969) reported that half of the water-soluble humic
compounds that had leached through soil, when concentrated a
hundredfold, precipitated to form a sediment containing 52% ash, which
was 98% silica. The nature of the Si(0OH)4-humate interaction has yet to
be elucidated, but x-ray diffraction rules out the possibility of
crystalline silicaceous minerals which have 'accidentally escaped the

purification steps.



A different type of interaction between humic substances and anions
is due to the formation of mixed ligand complexes with metal ions at the
center of a complex with two types of coordinating groups, one humic and
the other an inorganic anion. Levesque and Schnitzer (1967) prepared
fulvic-metallo-phosphate complexes with aluminum and iron(III) and
differentiated complexes from mixtures by dialysis; the molar ratio of
both Fe:P and Al:P in dialyzable complexes was as low as 4:3. Phosphate
added in excess led to the removal of iron and_ aluminum  and
precipitation as metal phosphates. A mixed ligand complex of a similar,
but less defined nature was reported by Farrah et al. (1985) who studied
the sorption of fluoride on commercial humic acids. A maximum of 0.2
mmol F~ g’1 humic acid was adsorbed at &%10°% M F~ at pH 3.5-4.5,
declining to zero at pH 6.5. The fluoride was observed not only to be
sorbed to the humic acid but to also release cations, primarily
aluminum, from the humic acid and form soluble complexes with those
cations; presumably fluoride was distributed between F7, AlF,37* and a
humic-alumino-fluoride complex.

A different type of reaction of anions with humic substances is
electrostatic repulsion leading to anion exclusion. The anionic nature
of humic substances when acidic functional groups are ionized is easily
verified by the migration of humic substances toward the anode under the
influence of an applied electric field (Flaig et al., 1975). Central to
the theory of the double electric layer is the accumulation of counter
ions and exclusion of coions from the vicinity of the charged surface.
Iﬁ the case of humic acids, anions are expected, in the absence of
various adsorptive reactions, to be repelled from the negatively charged

humic surface. Exclusion of chloride in humic acid solutions has been



measured by Tschapek and Torres-Sanchez (1978) and by Sikora (1986); the
data of Tschapek and Torres-Sanchez for a coal-derived humic acid were
analyzed using calculations for a planar charged surface while the data
of Sikora for three soil-derived humic acids were analyzed using a
Donnan equilibrium model which did not reflect specifically the.probable
geometry or dimensions of humic substances.

A detailed literature review specific to each anion considered in

this work is included in the relevent chapter.
OBJECTIVES

The purpose of this work was to elucidate the presence and nature
of interactions of humic substances with three anions of agricultural
importance--nitrate, borate and ethylenediamine di(p-hydroxyphenylacetic
acid) [(EDDHAl. The chemistry of borate in soils, important because of
phenomena of toxicity and deficiency, is unclear, as is the fate of the
majority of EDDHA added to soil as an iron chelate to remedy iron
deficiencies in plants grown: in calcareous' soils; the interest in
nitrate ‘stems ‘from the fact:  that nitrate is a major nutrient whose
chemistry is otherwise relatively well-known. Furthermore, these three
substances provide 'a wide range of properties, ranging for example in
acid strength from the salt of strong acid (nitrate) to very weak acids
(borate -and . EDDHAR), and in size from ~0.3 nm diameter (nitrate and
borate) to ~1.0 ﬁm (EDDHA). It may be hoped that by studying humic-anion
interactions, including adsorption and exclusion, both the chemistry of

humic substances and of the anions in question will be elucidated.



DEVELOPMENT OF METHODS FOR MEASURING ANION INTERACTION

WITH HUMIC SUBSTANCES

In the course of this work, requirements of analytical speed and
accuracy necessitated development of methods of analysis of nitrate and
FeEDDHA by ion chromatography. The techniques developed were expanded
to more general applications in soil and fertilizer analysis and were

published in Soil Science Society of America Journal as two articles.

Nitrate — Analysis of nitrate by ion chromatography is an accepted
analytical technique which completely separates the analyte from the
rest of the sample and places the analytical peak in a standard chemical
matrix before the analyte reaches the detector (Small, 19835 Fritz,
1987). Standard chromatographic techniques using 5 mM potassium hydrogen
phthalate at pH 4.5 as an eluent for a 25 cm column routinely required
10-15 minutes for separation of chloride, nitrate, and sulfate and
regeneration of the column for the next injection. This was considered
to be impractical for a large number of analyses together with the
necessary blanks and standards. Cﬁanges were made in the standard
equipment configuration and eluents in order to reduce analysis time to
under three minutes without sacrificing accuracy; these changes brought
concommitant reduction in the pressure required from the pump and
significant reduction of column costs. The improvement in technique was
tested for its general applicability to the analysis of natural waters

including groundwater and soil solution. The results were published as



"Three-minute analysis of chloride, nitrate, and sulfate by single
column anion chromatography" by Phillip Barak and Yona Chen in Soil

Science Society of America Journal 51:257-258, as follows:

Three—Minute Analysis of Chloride, Nitrate, and Sulfate

by Single Column Anion Chromatograpﬁy

ABSTRACT

Accepted techniques of single column ion chromatography of
inorganic anions were extended to separation of chloride, nitrate, and
sulfate using 15 mM phthalic acid as én eluent, permitting reduction of
column length to 30 mm and thereby reducing analysis time to three
minutes. Using a 30 UL sample loop, detection limits were 0.03 mmol_
L™l and coefficient of variation values ranged from 0.8 to 1.7% using
peak height measurements and 0.8 to 8.1% using peak area measurements.
This configuration 1is appropriate for routine analysis of soil water

extracts and ground water.

Additional Index Words: anion chromatographys chloride, nitrate,

sulfate

Baraky P., and Y. Chen. 1987. Three-minute analysis of chloride,
nitrate, and sulfate by single column anion chromatography. Soil Sci.

Soc. Am. J. 51:257-258.



! Contribution of the Seagram Center for Soil and Water Sciences,
Faculty of Agric., Hebrew Univ. of Jerusalem, P. 0. Box 12, Rehovot,
Israel 76-100. This research was supported by the U.S.-Israel

(Binational) Agric. Res. and Dev. Fund (BARD). Received 23 Apr.1986.

Ion chromatography is an analytical technique which essentially was
developed in the mid-1970s and new configurations suitable for specific
applications are still evalving rapidly. Recently, Nieto and
Frankenberger (1985 a, b) have shown single column ion chromatography to
be suitable for analysis of inorganic anions and cations in aqueous soil
extracts, following earlier work by Tabatabai and Dick (1983) showing
the use of chemically suppressed ion chromatography for anion analysis
of natural waters. Other branches of analytical chemistry have applied
ion chromatography to more exotic solutions such as pickling brines,
electroplating baths, and paper pulping liquor (Small, 1983). The great
versatility of ion chromatography stems from the variety of equipment
configurations made possible by varying the column length and
composition; eluent composition, pH, éoncentration, and flow rate; and
method of detection, which may be based either on conductivity,
ultraviolet spectroscopy, refractive index, or amperometry. Separation
time for inorganic anions on standard 150 or 250 mm columns is commonly
on the order of 10 minutes; attempts by Nieto and Frankenberger (1985a)
to speed analysis by using a 30 mm column with a standard eluent did not

produce quantitative results due to poor separation of NO3™ and Sﬂqe—.
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While testing a confiquration similar to that reported by Jupille (1983)
for rapid single-ion analysis of Squ‘, we found an equipment
configuration suitable for 3-minute analysis of C17, NO3™, and S:HZ)(,E"~ in

s0il extracts and other natural waters.
MATERIALS AND METHODS

The equipment configuration consisted of a Perkin-Elmer Series 10
Liquid Chromatograph pump, a 50 HL sample injection loop, a Wescan
lon-Guard anion cartridge (269-003, 30 x 4.6 mm internal dimensions, 40
X 6.3 mm external), a Wescan Ion-Guard holder (269-002), a Jasco
Uvidec-100-V UV Spectrophotometer with a flow-through cell (10 mm
optical path), and a LDC/Milton Roy CI-iO Computing Integrator. The
eluent used was 15 mM phthalic acid (uncorrected pH, 2.5) at a flow rate
of 5 mL min}, producing a back pressure of 7 x 103 kg m € or less.
Detection was based on UV absorbance at 300 nm.

Soil extracts were prepared from saturated pastes which were
initially filtered with Whatman no. 40 paper on a Buchner funnel and
were refiltered immediately before injection with a Millipore membrane
filter (0.43 Hm). Standards were prepared from reagent grade sodium
salts of C17, NO3™, and 8048"; concentrations of the anions in the
standards were adjusted to reflect typical concentrations and ratios

commonly found in natural waters so as to minimize need for dilutions.
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RESULTS AND DISCUSSION

The cnnfiguration described above uses indirect UV detection based
on the difference between the UV absorbance of the phthalate eluent and
the inorganic anions. Compared to 4.5-mM phthalate at pH 4.0 used by
Nieto and Frankenberger (1985a), the use of a phthalate eluent at pH 2.5
increases the retention of the inorganic anions and additionally forces
the system peak to elute befare Cl™ instead of after 8042“ (Jupille,
1985), while at the same time the higher concentration of eluent
together with the shorter column length cause elution at shorter
retention times. Within 3 min, C17, NO3™, and 9042' have been separated
and eluted, and the column is fully conditioned for the next injection.

Typical chromatograms are shown in Fig. 1. Calibration plots for
€17, NO3™, and Sﬂqe' are linear in the range tested (Fig. 2) and ' permit
easy interpolation for calculating sample concentration based on either
peak height or peak area. Regression coefficients for the calibration
curvers for Cl“,v NO3™» and SOqe' were 0.9991, 0.9992, and 0.9958,
respectivelyy when peak heights were employed and 0.9997, 0.9939,
0.9867, respectively when peak areas were used (n = 12 throughout).
Precision for the three anions, as determined by repetitive injection of
a standard of intermediate concentration is between 0.02 to 0.04 mmol.
L~! when based on peak height, and 0.03 to 0.16 mmol. L~! based on peak
area (Table 1)3 the coefficients of variation range from 0.8 to 1.7%
based on peak height and 0.7 to 8.1% based on peak area, which does not
exceed the variation reported by Nieto and Frankenberger (1985a) for a

full length column. These results suggest that either peak height or
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peak area can be successfully employed for anion concentration
determinations by the proposed method. Detection limits were established
by injection of dilute standards; for all three anions, a 50 KL sample
containing 0.05 mmol. L1 caused peak detection and initiated peak
height and area measurement.

Concentration ranges are to a large extent a function of sample
injection loop size, which thereby determines the amount of analyte
injected; a S0 nL loop was used here, but we have employed loop sizes
ranging from & HL for an extremely saline soil extract to 200 KL for
rain water analysis. Routine measurement of electrical conductivity in
order to estimate total anion concentration and thereby assure that the
sample falls within the standards range 1is recommended. We have
performed hundreds of analyses over the course of up to three months on
a single column. We attribute the relative longevity of our columns to
the fact that at pH 2.5, the organic contaminants, including humic
substances, are almost uncharged whereas at more conventional pH values
bor eluents, i.e., pH 4.5, the organic compontents are near their pK
values and are anionic and polyanionic, causing extensive, nearly
irreversible adsorption. The use - of a  guard column as an
ultra-high-speed separation column in the manner described above both
reduces initial column cost and increases the output of the eguipment

and personnel.
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Table 1: Precision of analysis of Cl17, NO3~, and SO04&" based on 12

injections of 50 uL of combined standard.

Peak height Peak area
Concentration Standard Coefficient Standard Coefficient
Anion Injected Deviation of variation Deviation of variation
cmmolo L7b %o mmol - Lt %
c1~ 4.0 0.047 1.18 0.029 0.74
NO5~ 2.0 0.016 0.81 0.1462 8.08
80,8~ 2.0 0.034 1.70 0.116 5.82
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Fig. 1: Chromatograms of: a) combined

standard containing 8, 4, and 4 mmol. Conditions
L= 1 Cl - ’ NOB-. [ and SUQe- ’ ! Colvmn: Guard Column
respectively, b) a saturated extract ! Elvent: 15mM Phthotic Aciy

Flowe Sml min=-!

of a clay loam soil (Mitzpeh Massuah, Detoctions 00
ions nm

xerorthent, 4.41, 0.78, and @2.82 !

mmol., L1 €17, NOgz™, and 50487, Packs t
respectively), and c) groundwater 2 ;z::n:”""‘
from the coastal aquifer of Israel 3.Nitrote
(Rehovot, 1.99, 0.81, and 0.37 mmol, 4.Sulfate

L=l c17,  NogT, and  S048°, 3
respectively).

200
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-~
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O Cl: Y = 24,05 * X — 0.41; R = 0.9997
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Fig. @: Calibration plots for C17, NO3™, and 8048“ as measured by
indirect UV detection. Each point is the average of three injections;
regression equations and correlation coefficients were calculated with
all 12 injections,.
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EDDHA and FeEDDHA — Published analytical techniques included

spectroscopic measurement of the colored chelate (Hill-Cottingham,
1962), solvent extraction followed by spectroscopic measurement (Batra
and Maier, 1964), and gel chromatographic separation followed by
spectroscopic measurement (Boxema, 1979). No published results were
found, other than those of the original author, in which these methods
were used; Fe by atomic adsorption spectroscopy was usually employed
instead (see chapter on FeEDDHA). These methods were deemed either
insufficiently specific or especially tedious, and it was thought
desirable to develop a chromatographic procedure based on the ionic
properties of FeEDDHA. The results of the development of an improved
method for measurement of FeEDDHA was accepted for publication as
"Determination of FeEDDHA in soils and fertilizers by anion exchange
chromatography” by Phillip Barak and Yona Chen in Soil Science Society

of America Journal 51:000-000, as follows:

Determination of FeEDDHA in Soils and Fertilizers

by Anion Exchange Chromatogfaphy

ABSTRACT

The specific conditions for the quantitative analysis of FeEDDHA
(ethylenediamine di-p-hydroxyphenylacetic acid) by high pressure liquid
chromatography (HPLC) were studied and defined. Using a 3 cm anion
exchange column and 5 mM HpSO4 + 0.01 mM Fep(S04)3 as an eluent, FeEDDHA

was separated into the dl-racemic and meso isomers. With the same
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column and 3 mM HpSO4 + 50 mM NapSO4 + 0.01 mM Fep(S04)3, FeEDDHA eluted
as a single peak. Standard calibration curves for FeEDDHA were obtained
with regression coefficients of 0.9999 at concentrations up to 0.25 mM.
The coefficient of variation is 1.5%, or 1.8 pmol L~! using a 50 KL
sample; the detection 1limit was 1.2 Hmol L™!. FeEDDHA was separated
easily on anion exchange HPLC columns from other chelates such as CDTA,
EDTA, and DTPA. The proposed method was used to determine FeEDDHA
concentrations in water extracts of soils that were incubated with the
compound. With variation of the eluent, separation of ferrated and

unferrated EDDHA is possible.

Additional Key Words: Fel(ethylenediamine di-o-hydroxyphenyl-acetic

acid), chelates, high performance liquid chromatography, iron

nutrition.

Barak, P., and Y. Chen. 1987. Determination of FeEDDHA in soils and
fertilizers by anion exchange chromatography. Soil Sci. Soc. Am. J.

51:000-000.

1 Contribution of the Seagram Center for Soil and Water Sciences,
Faculty of Agriculture, Hebrew Univ. of Jerusalem, P.0. Box 12, Rehovot,
Israel 76-100. This research was supported by the U.S.-lIsrael

(Binational) Agricultural Research and Development Fund (BARD). Received

29 July 1986,
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Abnormalities of Fe nutrition are common for many plants grown
either in calcareous soils or in neutral or alkaline nutrient solution.
Chelated Fe 1is often used as an Fe fertilizer. In most soil
applications, ferric EDTA (ethylenediamine tetraacetic acid) is
relatively ineffective, but phenolic analogs of EDTA have proven
successful (Knoll, 1937). For example, Fe chelated as
NaFe(ethylenediamine di-o-hydroxyphenylacetic acid) ([NaFaEDDHAl, also
known as NaFe(N,N’-ethylene-bis (g-hydroxyphenylglycine) is widely used
as an effective Fe fertilizer for plants grown in calcareous soils
(Hagstrom, 1984); this chelate contains 6.5% Fe. The most effective of
the Fe chelates are marketed at prices 200 to 500 times those of N-P-K
fertilizers (by weight) and when required, iron chelate may be second
only to N in fertilizer input cost. Effective identification and
quantification of the active ingredients is therefore desirable for both
following reactions of the chelate with seil components and for
evaluating fertilizer composition.

The quantitative anélysis of FeEDDHA in fertilizers and soils by
previously reported methods is difficult because neither of its two
outstanding characteristics - Fe chelation and deep red color — are
sufficiently unique for unambiguous interpretation. Because  so0il
extracts often contain Fe complexed with soluble soil organic matter,
total ?e concentration in soil solution cannot be used as an indicator
for FeEDDHA without a degree of uncertainty. For example, for the
saturation extracts of 68 California soils, the water-soluble Fe
contents were equivalent to between 0.2 and 12.8 mg FeEDDHA L1, without

any FeEDDHA actually being present in the extracts (Bradford et al.,
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1971). The deep red color of the FeEDDHA due to Fe-phenol interaction,
which might be used as the basis for spectrophotometric determination of
FeEDDHA, overlaps the broad absorption spectra of soluble soil organic
matter in soil extracts and poses an analytical problem. Both of these
analytical difficulties were addressed by Johnson and Young (1973) in
their investigations of EDDHA as an extracting agent to assess Fe
status of soils. Batra and Maier (1964) separated soluble soil organic
matter from FeEDDHA with saturated ammonium sulfate and isoamyl alcohol,
followed by spectrophotometric determination of FeEDDHA; in practice,
this method is tedious and noxious.

EDDHA is found in two isomeric forms. Using paper chromatography
with a 4:1:5 butanol:acetic acid:water eluent, Hill-Cottingham (1962)
separated NaFeEDDHA into two bands, red (Rf = 0.44) and violet (Rf =
0.65); which were identified as the meso and dl-racemic isomers of
NaFeEDDHA, although assignation of isomer to band was unsuccessful
(Ryskiewich and Boka, 1962). Crystallographic analysis of a number of
salts of FeEDDHA has shown that the meso isomer has the cis-
configuration for both the phenolic and carboxylic groups whereas the
dl-racemic isomer has trans carboxylic groups and phenolic O roughly
coplanar with the N atoms (Bailey et al., 1981). Bailey et al. (1981)
found that most salts of FeEDDHA form reqular crystal structures
containing one-half meso and one-half dl-racemic isomers (Fig.1),
whereas crystals of the Mg salt may be crystallized so as to contain
only the dl- racemic form. Plant uptake of radioiron chelated with
each of the isomers would seem to indicate no significant difference

in plant response to the two isomers (Ryskiewich and Boka, 1962).
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Some chromatographic separations have been reported for other
chelating agents. Floor (1984) has reported separation on a 10-cm anion
exchange column of unferrated tetraacetic acids, including EDTA, in 10
min. Preliminary experiments with FeEDDHA showed that this complex was
strongly retained and did not elute within 120 min under the conditions
reported.

This research was undertaken to optimize conditions for the
specific quantitative determination of FeEDDHA by high pressure liquid
chromatography (HPLC). The procedure developed was further applied to
quantitative determinations of the isomers of FeEDDHA, of FeEDDHA in
chelate mixtures, and to recovery tests on soils ‘that were incubated

with FeEDDHA.

MATERIALS AND METHODS

Primary standards of FeEDDHA were prepared by dissolution of EDDHA
acid (Sigma Chem. Co., 90% declared purity) in an equivalent amount of
NaOH, followed by addition of excess ferric chloride to form the FeEDDHA

complex at concentrations up to 0.25 mmol Lt
Solutions were injected into an anion exchange chromatography
system consisting of a S0-HL sample loop, a Wescan lon-Guard anion
cartridge (no. 269-003, 30— by 4.6-mm internal dimensions, 40- by &.3-mm
external) used as a high-speed separation column, a Jasco Uvidec-100-V
UV spectrophotometer, and an LDC/Milton Roy CI-10B integrator.
Commercial-grade NaFeEDDHA from Ciba-Geigy Corp. was separated into

meso and dl-racemic isomers using paper chromatography with a 4:1:5
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butanol:acetic acid:water eluent (Hill-Cottingham, 1962). The two
resulting bands were dried and redissolved in distilled water; spectra
of the solutions of the purified isomers were measured in the UV and
visible range with a Hewlett-Packard 8413A diode array
spectrophotometer. A pure preparation of the dl-racemic isomer was
prepared by crystallization of Mg(FeEDDHA)o#9H20 prepared from H4EDDHA
(Sigma Chem. Co.) following the procedure of Bailey et al. (1981). The
crystals were dissolved in distilled water before injection.

Four soils of Israel representing a variety of soil types (Table 1)
were incubated at field capacity under aerobic conditions with 2-mg Fe
as FeEDDHA g"l dry soil for up to 7 d. Immediately upon contact and then
at intervals for 7 d, residual FeEDDHA was extracted with water (1:1) by
shaking for 30 min. Extracts were filtered through 0.45-pm Millipore
filters and injected for chromatographic analysis of FeEDDHA using 3 mM
HoS04 + 50 mM NapS0,4 + 0.01 mM Fep(S04)3 as the eluent.

Iron complexes of EDTA, DTPA (diethylenetriaminepentaacetic acid),
CDTA (trans—-1,2-diaminocyclohexane-N,N,N’,N’-tetraacetic acid) and a
number of commercial Fe chelates were also injected for comparison with

FeEDDHA.

RESULTS AND DISCUSSION

The two FeEDDHA isomers were well separated by paper chromatography
into a red band and a violet band, as reported by Hill-Cottingham
(1962). The FeEDDHA isomers had very similar absorbance spectra in the

UV and visible range (Fig. 2), both exhibiting peaks at 206 and 280 nm,
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the first due to the benzene ring and the second due to
ortho-substitution of the benzene ring (Jaffe and Orchin, 1962). Both
isomers showed a broad band of absorption in the visible range typical
of Fe-phenol complexes, peaking at about 480 nm; the difference in
color between the two isomers is due to a difference of about 10 nm in
the placemént of the peak. For spectrophotometric detection, any of the
three peaks (2046, 280, and 480 nm) would be acceptable, but the 206-nm
wavelength was used for detection because it has the strongest
absorbance.

Under conditions typical for single column anion chromatography of
inorganic anions, such as 4 mM potassium hydrogen phthalate at pH 4.5
and conventional 25-cm long column, the FeEDDHA anion does not elute
within 120 min. Reduction of retention time may be achieved by either
increasing the eluent concentration, use of a more strongly displacing
eluent anion such as sulfate, the reduction of the anionic nature of
FeEDDHA by decreasing the eluent pH, or a combination of a concentrated,
strongly displacing anion and low pH, as proposed in this method. In
contrast, reduction of pH reduces the anionic nature of the weak acid
eluent such as phthalate and increases elution time of the inorganic
anions. A small concentration of Fe(III) may be desirable in the eluent
to prevent deferration of FeEDDHA while adsorbed on the column. The
number of plates of the 30-mm column used here was estimated at 115
based on the retention time and peak width of FeEDDHA relative to that
of the solvent (Saunders, 1977).

The two FeEDDHA isomers were well separated using 5 mM HaSO0, + 0.01

mM Fep(S04)3y eluting at 4 and & min at a flow rate of 3 cm min~ !, The
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dl-racemic isomer prepared from Mg(FeEDDHAR)o*9H20 was found upon
injection to be almost completely free of contamination with the meso
isomer and had a retention time identical to that of the red band, thus
making possible the identification of the dl-racemic isomer as the red
(Rf = 0.44) band and therefore the meso isomer as the purple (R = 0.63)
band (Fig. 3).

For chromatography of FeEDDHA without isomeric separation, 3 mM
HpS04 + 50 mM NapS04 + 0.01 mM Fep(S04)3 was found to be a suitable
eluent, with a retention time of 1.6 min for a flow rate of 3 cm min~1.
With a 50-pL sample loop, calibration curves for FeEDDHA were linear for
concentrations up to 0.25 mM, or 12.5 nmol/sample (r& = 0.9999 for peak
height and 0.9990 for peak area), and facilitated easy quantification of
FeEDDHA in samples of unknown content‘(Fig. 4). The detection limit for
a 90-pL sample, as determined by automatic peak detection by the
integrator, was 0.0012 mmol FeEDDHA L1, or 0.06 nmol/sample; the sample
loop size can easily be increased to 500 KL to further increase
sensitivity. Based on 10 injections of a 0.12-mmol L~! standard, the
coefficient of variation is 1.5%, equivalent to 0.018 mmol L™1.

With regard to other defined iren chelates, the conditions for
chromatographic separation presented here provides clear resolution
against EDDHA since retention times for NaFeCDTAy, NaFeEDTA, and
NaHFeDTPA were 17, 22, and 74% of that of FeEDDHA, respectively,
indicating good separation of FeEDDHA from polycarboxylic ligands. A
number of commercial iron chelates of the phenolic type but of unknown

composition produced well-separated peaks with retention times greater
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than that of FeEDDHA, but no further investigation of these phenolic
iron chelates was undertaken at this time.

FeEDDHA recovered after incubation in soils by water extraction,
and determined by the chromatographic techniques reported here, declines
rapidly in two of the soils immediately upon contact, followed by a
further gradual decline (Fig. S). Two other soils showed only a gradual
decline in extractable FeEDDHA over the course of 7 d. This pattern is
similar to that found by Follett and Lindsay (1971) using Fe
determination in a DTPA extract and by Hill-Cottingham and Lloyd-Jones
(1958) using colorimetric titration of a water extract.

Another example of a possible use of this chromatographic technique
is the analysis of soil extracts using H4EDDHA as a measure of soil iron
availability. The filtered extracts were separated using 3 mM HpS50,4 +
50 mM NapS0, [without addition of Fep(S04)31. In the absence of Fe to
ferrate EDDHA, the protonated and uncharged ligand passes down the
length of the column with the solvent, permitting the distinction
between FeEDDHA and EDDHA, and therefore the use of EDDHA as an
extractant for the evaluation of soil iron status (Johnson and Young,
1973).

All separations reported above were performed on an anion exchange
column 3 cm in length in order to optimize speed of analysis; this
length was satisfactory because of the strong binding of FeEDDHA with
the exchanger,; which necessitated an extremely strong eluent. However,
if separation is not acceptable, the column length may be easily
extended to 6 cm by adding an identical 3-cm column to the flow path

ory in extreme cases, wusing the 10- or 25-cm columns of identical
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composition available from the same manufacturer. Longer column length
necessarily increases analysis time and is not indicated unless specific

separation difficulties arise.

CONCLUSIONS

A fast and quantitative method for the determination of FeEDDHA in
fertilizers and soils was developed. This method can also be used to
differentiate ferrated and unferrated EDDHA, thereby facilitating
research on the wusefulness of EDDHA as an alternative to DTPA as an

indicator of iron availability to plants.
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Table 1. Selected properties of soils used in this study.

Location Soil type Texture CaCOg5 Organic CEC pH
matter
-- g kg"l - cmol. kg'1
Kfar Rupin Calciorthid Heavy clay 582 31 16.7 7.8
Har Raihan Rhodoxeralf  Heavy clay 7 as 33.4 7.3
Kisalon Haploxeroll Heavy clay @28 107 30.5 8.1
Mitzpeh Xeror thent Light clay 630 17 18.0 8.0

Massua
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Fig. 1. Schematic diagrams of FeEDDHA: (A) meso isomer, Rf = 0.65
(paper chromatography); and (B) dl-racemic isomer, Rf = 0.44.
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Fig. 2. Ultraviolet and visible spectra of red and violet isomers of
FeEDDHA at a concentration of 0.022 mM.
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ABSORBANCE AT 206 nm
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TIME (min)

Fig. 3. Chromatograms of (A) original NaFeEDDHA solution, (B) violet,

~(€) red isomers separated from A by paper chromatography, and (D)
solution of Mg[Fe(rac—EDDHA)]E.
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chromatography.
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NITRATE EXCLUSION BY HUMIC ACID

The acidic nature of humic substances has been known since the time
of Berzelius, and therefore also the anionic character of humic
substances when iocnized, which is easily verified by the migration of
humic substances toward the anode under the influence of an applied
electric field (Flaig et al., 1975}, Central to the theory of the
double electric layer is the accumulation of counter ions and exclusion
of coions from the vicinity of the charged surface. In the case of
humic acids which develop a negative charge dqe to ionization of weakly
acidic and very weakly acidic functional groups, the accumulation of
protons at the surface of the humic macromolecule will affect the
acid-base behavior in response to changes in ionic strength. By the
same token, anions are expected to be repelled from the negatively
charged humic surface. Unlike the acid-base behavior which is a function
of the electric potential at the humic surface, and is therefore
unmeasurable directly in the bulk solution, anion exclusion is the total
anion deficit from the humic sﬁrface to an infinite distance, and is
measurable in the bulk solution.

Anion exclusion phenomena have been extensively investigated for
clays and soil clays with planar configuration, notably montmorillonite
and illite (Edwards and Buirk, 1962; Bolt and de Haan, 1979). Anion
exclusion has also been noted for the organic macromolecules; for
example, chloride exclusion in humic acid solutions has been measured by
Tschapek and Torres-Sanchez (1978) and by Sikora (1986); the data of
Tschapek and Torres-Sanchez for a coal-derived humic acid were analyzed

using calculations for a planar charged surface while the data of Sikora
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for three soil-derived humic acids were analyzed using a Donnan
equilibrium model which did not reflect specifically the geometry or
dimensions of humic substances. Calculations by Bentz (1982) show that
the planar case may approximate the cylinder only with restrictions
regarding cylinder radius, ionic strength, and surface potential. More
specifically, the approximation is suitable when either Kka UL 10 or when
Ka L 1 and the dimensionless surface potential gg < 2, where Kk =
3.29-107 oI, a is the cylinder radius, and I is ionic strength; for
molecules of unknown radius and surface potential, it cannot be assumed
a priori that the above conditions are met.

The anion exclusion phenomenon is typically measured by adding a
known amount of tracer ion to a known volume of dissolved or suspended
sample. Measurement of the activity of the tracer ion in an equilibrium
solution, usually separated from the colloidal sample by a dialysis
membraney permits calculation of the volume accessible to the tracer
ion. The latter volume is subtracted from the total volume to yield the
excluded volume.

Qpecial attention to analytical techniques is required since the
nature of the exclusion phenomenon -is such that the data require
measuring either very small differences at moderate concentrations or
moderate differences at very low concentrations; Bolt and de Haan (1979)
recommend precision of O0.1% for an extended concentration range.
Exclusion of chloride is conveniently measured by either radioactive
isotopes (Bolt and de Haan, 1979) or chloride specific electrodes
(Edwards and Quirk, 194623 Tschapek and Torres-Sanchez, 1978; and Sikora,
1986). However, radioisotope techniques are not available for nitrate

since the two natural isotopes of nitrogen, N4 and N15, are both stable
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and other isotopes have half-lives of 9.97 min or less. Rechnitz (1969)
has shown that ion specific electrodes for a number of ions are capable
of producing high quality data consistent with the best measurements of
such diverse quantities as the solubility products of perchlorate salts,
formation constants of fluoride complexes with HY and Fe3*, and
formation constants of calcium complexes of EDTA, citrate, malate,
lactate, etc. The use of electrodes specific for metal ions immersed in
solutions of humic substances during the course of titration is an
accepted practicg in studies of metal binding capacitites and stability
constants of metal-humic complexes (Stevenson, 1982). Ion specific
electrodes incorporating an ion-exchange membrane specific for nitrate
are commercially available and may be suitable for measurement of
nitrate activity in solutions of humic substances, permitting the
measurement of exclusion phenomena by titration. Techniques of ion
chromatography, a variation of high pressure liquid chromatography
employing an ion exchanger as the stationary phase, have been developed
since 1975 (Small, 19835 Fritz, 1987) and have been modified so as to
produce a chromatographic separation of nitrate from other inorganic
anions and measurement against a standard background in the course of a
short and accurate procedure (Barak and Chen, 1987). Ion chromatography
may be found suitable for the task of measuring nitrate exclusion data
in batch experiments with dialysis membraneé where samples of
equilibrium solution without substantial levels of humic substances can
be obtained. Ion chromatography and ion specific electrodes were both
employed in this research aiming to measure interactions of nitrate with

humic substances.
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MATERIALS AND METHODS

Titrations with Nitrate Specific Electrodes—-Titrations of humic acid
solutions were conducted using two manufactures of nitrate specific
electrodes to measure nitrate activities. First, an Orion nitrate
specific electrode, Model 92-07, which employs a water-immiscible liquid
ion exchanger, with a Kp50, reference electrode, was used to perform
titrations of two types--titration with base at a constant nitrate
level and titration with nitrate at a constant pH, using a Beckman

4500 millivolt (pH) meter to record electrode potentials.

1. A 30-mg sample of humic acid was dissolved in 40 mL Hp0 (control) or
1074 M KNOg, adjusted to pH 6 with 0.1 M KOH, and made to 50 wmL.
Nitrate activity was recorded by the Orion ISE as the pH was raised
stepwise from 6 to 10 by the addition of 0.1 M KOH. The solution
was then back-titrated to pH 2.2 with 0.1 Ha504 and the nitrate
activity recorded.

2. A 30-mg sample of humic acid was dissolved in 50 mL of 5 «x 1006 M
KNO3 solution. The sample was then titrated with 1.0 mM KNO5 and
the nitrate activity recorded. The pH was maintained at the desired
value (3, 4, 3y or 7) by the addition of 0.01 M HpS0,4 or KOH. At the
end of the titration, the pH was adjusted to ~10 and the nitrate
activity recorded.

Two types of titrations were conducted with a Radiometer nitrate
specific electrode (F2412N0Og), which employs a nitrate-specific ion
exchanger impregnated in a polyvinyl chloride (PVC) membrane, and a
calomel reference electrode (Radiometer K401), wusing a Metrohm 686

Titroprocessor to measure electrode potential.
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3. Dialyzed Hula humic acid and HA-A at pH 3.5 were titrated with 0.1 M
NaOH, with monitoring of the potential on the Radiometer electrode,
without the addition of nitrate.

4. Aliquots of stock solution of Hula humic acid were titrated to pH
values of 2.5, 4, 6, and 9, and brought to a concentration of 0.25%
w/w. Fifteen-mL aliquots were titrated with increments of 0.1 M
NaNO3 delivered by a Metrohn Dosimat 665. A Radiometer nitrate
specific electrode with a calomel reference electrode was used to
monitor nitrate activity in the humic acid solution. The electrode

was calibrated by titrating 15 mL of water with 0.1 M NaNOj.

Dialysis and Ion Chromatography--Stock solutions of Hula humic acid
extracted and purified as described before were prepared at a
concentration of 0.25% and adjusted to pH values of approximately 3.5,
9 and 7. Four-mL aliquots of the humic acid solution, containing 10 mg
humic acid per aliquot, were placed in dialysis cells constructed of
dialysis tubing (Medicell International Ltd, London, wet diameter ~4.5
mm) and extensively dialyzed against distilled water.

Each dialysis cell was placed in a test tube and weighed. Weighed
quantities of NaNO3 solution and water were added to bring the total
volume to approximately 10 mL with a total nitrate concentration range
of 0 to 1.0 mM. The test tubes were shaken at 23°C overnight.
Independent experiments had shown that electrolyte diffusion through the
dialysis tubing was 90% complete in 60 minutes. The external solution
was then analyzed for nitrate, pH, and sodium. Nitrate concentrations
were measured using ion chromatography techniques described in a

previous chapter (Barak and Chen, 1987) using a Perkin-Elmer Series 10
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Liquid Chromatograph pump, a Wescan 269-003 Ion-Guard Anion Cartridge as
an ultra-high speed anion  column, Jasco  Uvidec-100-V WV
spectrophotometer witﬁ a 1 cm optical path flow-through cell for
indirect UV detection at 300 nm, and a LDC/Milton Roy CI-10 integrator;
the eluent was 25 mM phthalic acid at a flow rate of 5 wmL min~1,
Nitrate standards were prepared gravimetrically from the sodium nitrate
stock solution. Measurements of pH were made with a combined
glass-calomel electrode and a Radiometer pHM 84 pH meter calibrated with
phthalate and phosphate buffers. Sodium was analyzed with a Corning 400
flame photometer. Blanks were set up containing dialysis cells without
humic acid. At the end of the experiment, the dialysis cells were
extracted and dried at 60°C in order to permit calculation of total
weight of liquid by difference.

Measured exclusion volume was calculated as follows:
Wo Co = Winc1 Cs
Wey = Wg — Wipcy

vielding the formula:

Wg - Wg (Cg/Cg)

Vex =
Pw WHA
where: Vg, = volume from which nitrate is excluded (em3 g71)
We = total weight of liquid in sample
Wo = weight of nitrate stock solution added to sample
Wincl = weight of liquid in sample into which nitrate mixed

Ceg = nitrate concentration in sample
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Co = nitrate concentration of nitrate stock solution
Puw = density of water
Whya = weight of humic acid in dialysis cell

For the same dialysis cells, measurements were made with a nitrate
specific electrode (Radiometer F2412NO3 with a Radiometer K401 calomel
reference) in both the external and internal dialysis cells, using a
Radiometer PHMB4 pH-meter to measure potential. Calibration curves for
the nitrate electrode were constructed using the readings of the
external cell (without humic acid) and nitrate measurements by ion

chromatography.

RESULTS AND DISCUSSION

Titrations with Nitrate Specific Electrodes - The results of
acid-base titration with nitrate activity measured by the Orion ISE
(Fig. 1) show that in the absence of nitrate added to the humic acid
solution, the apparent nitrate activity is on the order of 1076 M, which
is the equivalent of 0.03-0.07 meq NOz g"lHA, and is relatively
independent of pH and hysteretic effects. When the humic acid solution
was prepared in 1074 M NO3™, the measured nitrate activity was lower
than the calculated nitrate activity, suggesting nitrate adsorption on
the humic acids. This apparent. adsorption declined sharply with
increasing pH until at pH 10, the nitrate electrode reading was
approximately equal to that expected assuming no nitrate sorption or

repulsion. Upon back-titration, the apparent adsorption was reversible,
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Fig. 1. Apparent nitrate activity of four humic substances as measured
by Orion nitrate specific electrode, calculated as apparent nitrate
adsorption. Titration with base in the presence of 1074 M KNOg (8),
titration with acid in the presence of 1074 M KNO3 (o), titration with

base - KNO3 absent (A}, and titration with acid - KNOg absent (e),
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by Orion nitrate specific electrode at constant pH, calculated as
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...38_.

although some hysteresis occurs for two of the samples, and reached a
maximum of about 0.5 meq NO3™ g~lHA at pH 2.2.

When titrations were conducted at constant pH and with increments
of KNOg and nitrate activity measurements using the Orion ISE, results
consistent with stfong nitrate adsorption at acidic pH were noted
(Fig. 2). All humic substances show decreasing slope of adsorption
isotherms with increasing pH; at pH 7, adsorption was negligible or
nonexistant at the lower concentration range. The largest value of
apparent adsorption measured was 1.63 meq NO3~ g"1 HA at 0.14 mM NO3~ at
pH 3, but none of the adsorption isotherms showed signs of approaching
saturation of presumed adsorption sites; in fact, the electrode data
would seem to indicate an increasing affinity for nitrate adsorption as
the amount of adsorption increased. All humic substances show decreasing
slope of the adsorption isotherms with increasing pH; at pH 7,
adsorption was negligible or nonexistant for three of the four humic
substances tested at the lower concentrtion range.

Measurements with the Radiometer nitrate specific electrode
differed significantly from those of the Orion electrode. The magnitude
of the apparent nitrate activity measured by the Radiometer ISE wupon
immersion in a humic acid solution is shown by Fig. 3 to be both greater
in magnitude and strongly dependent on pH. The apparent nitrate
activity ranged from 1 to 17 mM nitrate, equivalent to 0.4 to 6.8 meq
NO3™ g'1 in the purified humic acids. This inital apparent nitrate
concentration seems to be due exclusively to humic acid interference
since no nitrate was otherwise detectable in the humic acids, which had
undergone careful extraction and purification using only analytical

reagents, followed by extensive dialysis. The apparent presence of
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nitrate wupon immersion of the Radiometer electrode was also noted in
humic substances prepared in the laboratories of Prof. M. Schnitzer
(Ottawa, Ontario, Canada) and Prof. F.J. Stevenson (Urbana, IL, USA).

For titrations of 0.25% (w/w) humic acid solutions with nitrate
stock solutions at fixed pH values with the Radiometer ISE, the measured
nitrate activity was always greater than the total concentration of
added nitrate (Figs. 4 and 5). In an attempt to remove the effect of the
apparent nitrate activity upon immersion, the initial nitrate activities
were subtracted from the readings during the course of the titration
(Figs. 6 and 7). The results of such calculations suggest that that the
electrode is measuring the effects of nitrate exclusion by the humic
macromolecule. Furthermore, the extent of appparent exclusion increases
with pH from 2.5 to 4.1 to 6.1, which 1is in general accord with
theoretical considerations. However, at pH 9, no exclusion is apparent,
which casts doubt upon the wvalidity of the  nitrate electrode
measurements sinte exclusion at pH 9 must be at least as large as at pH
6, and is probably even greater due to the ionization of very weakly
acidic groups.

Overall, although both manufactures of nitrate specific electrode
were able to produce excellent calibration curves in water, the presence
of high concentrations of humic substance in solution caused marked
anomalies, even though the readings were steady and reversible. Readings
indicative of either nitrate adsorption or nitrate exclusion could be
measured for the same humic substance, depending upon whether the
results of the Orion or the Radiometer electrode were considered. Trial

calculations were made to extract a selectivity ratio of the type:
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E = E, - 2.303 RT/F log(a; + Kap)

where E and E, are measured and reference potentials, R is the gas
constant, T is absolute temperature, F is the Faraday'constant, a is
the activity of the primary univalent anion, ap is the activity of a
second wunivalent anion, and K is the selectivity ratio of anion 2 for
the given electrode, following Srinivasan and Rechnitz (19469). This
approach is inapplicable for the Orion ISE since K would have to be
negative to fit the data, but the Radiometer electrode data failed to
yield a single-valued selectivity ratio, even at a constant pH.
Calculations attempting to extract a junction potential created by the
humic acid also failed to produce a single-valued result. The
possibility of some type of reversible chemisorption of the humic
macromolecule on the electrode membrane cannot be ruled out as the
source of interference. In any case, the use of nitrate electrodes
immersed in solutions of humic substances during the course of titration
with nitrate does not produce unequivocable data, and batch experiments
to produce high-quality data seem to be required. However, these
difficulties do not rule out the use of nitrate specific electrodes in
solutions not containing dissolved humic substances and probably also in
natural waters containing typically low levels of dissolved humic

substances, which was not relevent here.

Dialysis and Ion Chromatography __ Measurement of nitrate exclusion
phenomena using dialysis cells and ion chromatography is the most
conservative system since the dialysis cell separates the humic acid

solution from its equilibrium solution and ion chromatography separates
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nitrate from all other anions which may be present in the equilibrium
solution before the measurement is made against a standard background.
Results of such analyses are presented in Table 1. The measured
exclusion volumes ranged from 60-80 cm3 g"1 for those humic acid
treatments at 100 mM by the addition of NapSO4 to 300-400 cm3 g7! for
those humic acids at 1 mM or less. The exclusion volume increases with
pH over the range of 3 to 7.5.

The Radiometer nitrate specific electrode measurements correlated
well with ion chromatographic measurements of nitrate in the external
solutions without humic acid and permitted drawing of calibration curves
(Fig. 8). However, the nitrate activities measured upon immersion in the
internal solutions containing humic acid were consistently higher than
the activities measured in the external solutions in equibilibrium
across the dialysis membrane (Fig. 9). This discrepancy was on the
order of 1-2 mM NO3~ and is contrary to both theoretical anion exclusion
considerations and material balance equations using ion chromatography
which show exclusion of nitrate from the humic acid solution and
therefore a lower nitrate concentration in the internal solution.
Clearly, the nitrate electrode is responding properly to nitrate in the
absence of humic acid but is reading high in its presence, indicating
some type of reversible chemical interference with the nitrate-specific

ion exchanger.



- 45 -

Table 1. Nitrate exclusion data measured by ion chromatography. Net exclusion of
nitrate by Hula humic acid is given in mL/g after correction for dialysis cell
blank.

10 mM NO; Total Nitrate Conc’n Nitrate Volume Net lonic
Added, Volume Ideal Meas’d Included Excluded Excln, Str,

$# —-mL - -—— mL -- ————mM ————— - - mL ————- mL/g HA mM pH
NITRATE!L:

1 0.117 11.492 0.102 0.148 7.93 3.56 298 1.67 7.23
2 0.195 9.951 0.196 0.282 6.91 3.04 244 1.62 7.15
3 0.428 ?.947 0.430 0.596 7.18 2.77 227 2.08 7.47
4 0.4628 10.113 0.621 0.870 7.22 2.89 240 2.13 7.20
5 0.795 ?.745 0.816 1.137 6.99 2.79 231 2.51 7.16
6 1.003 9.952 1.008 1.281 7.83 2.12 172 2.76 7.09
7 0.136 11.692 0.116 0.090 15.08 -3.39 25 44,40 6.77
9 0.391 ?.993 0.391 0.301 13.00 -3.01 &2 41.10 6.82
10 0.5%94 10.149 0.585 0.477 12.45 -2.30 133 42.00 6.67
11 0.774 10.018 0.773 0.604 12.80 -2.79 85 40.50 6.67
12 0.9%90 10.038 0.986 0.760 13.02 -2.98 65 42.00 6.54
NITRATE2:

1 0.103 10.013 0.103 0.144 7.13 2.88 213 0.43 3.51
e 0.211 10.029 0.210 0.282 7.47 2.56 139 0.23 3.57
3 0.398 ?.992 0.398 0.513 7.76 2.23 150 0.45 3.56
4 0.608 9.992 0.608 0.755 8.05 1.94 134 0.56 3.33
5 0.790 10.001 0.790 0.930 B8.49 1.51 103 0.72 3.54
b 1.013 10.001 1.015 1.170 8.68 1.32 99 1.04 3.35
NITRATE3:

3 0.414 10.854 0.381 0.468 8.85 2.01 139 0.36 3.47
4 0.618 10.471 0.590 0.707 8.74 1.73 119 0.49 3.56
5 0.788 10.692 0.737 0.856 9.20 1.49 101 0.58 3.58
6 0.972 10.358 0.938 1.069 ?.09 1.27 84 0.77 3.51
15 0.386 10.467 0,369 0.390 ?.90 0.97 57 14.10 3.95
16 0.705 10.533 0.646% 0.713 ?.89 0.65 65 15.20 3.92
18 1.091 10.035 1.087 1.1597 9.43 0.61 61 16.55 3.85
NITRATE4:

1 0.093 11.456 0.081 0.127 7.34 4.12 401 0.47 5.61
e 0.223 11.021 0.202 0.280 7.97 3.05 294 0.51 5.50
3 0.412 10.655 0.387 0.521 7.90 2.79 264 0.73 S5.35
4 0.584 11.742 0.497 0.643 ?.08 2.66 255 0.82 5.31
5 0.799 10.873 0.735 0.983 8.13 2.74 264 1.11 5.17
b 0.990 10.699 0.925 1.211 8.18 2.92 241 1.27 3.18
7 1.193 10.967 1.088 C1.411 8.46 2.51 240 1.44 5.10
8 1.403 11.073 1.267 1.620 8.66 2.41 230 1.58 5.14
9 1.583 11.4463 1.381 1.977 8.01 3.446 335 1.73 5.08
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CONCLUSIONS

Nitrate exclusion as determined by material balance equations using
nitrate determination in HA-free equilibrium solutions separated by
dialysis membrane from humic substances show significant nitrate
exclusion which agrees with the anienic nature of humic substances.
Determination of nitrate activity either inside the dialysis cell with
HA or in titration vessels shows strong interference (in opposite
directions) for both the Radiometer and the Orion nitrate specific
electrodes, leading to interpretations supporting either anomalous
exclusion effects or strong adsorption; the use of nitrate specific
electrodes directly in humic acid solutions should be discouraged. On
the other hand, 1ion chromatography and ISE both provide reliable
information on the external, HA-free equilibrium  solution. The
possibility of some degree of nitrate adsorption by humic acid cannot be
ruled out but the magnitude of nitrate exclusion measured masks whatever
small amount of adsorption may exist.

In the next chapter, data gathered here by dialysis and ion
chromatography will be combined with additional information on the
nature of the acidic groups to formulate and define a quantitative model

of the humic macromolecule and its double electric layer.
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APPARENT RADIUS OF HUMIC MOLECULES FROM ACID-BASE TITRATION

AND NITRATE EXCLUSION

Humic substances are natural, organic substances ubiquitous in soil
and sediments. Humic substances have average molecular weights of 500
to 100,000 and are believed to be long-chain molecules which are fully
expanded at neutral or alkaline conditions because of mutual repulsion
of charged acidic groups (Stevenson, 1982). Unlike most other
macromolecules of biological origin such as proteins and nucleic acids,
these molecules are heterogenous in size and chemical composition, and
so can usually be treated only in the aggregate by means of averages.
Soil-derived humic substances are generally considered to have a high
aromatic carbon content and a high content of weakly acidic (carboxylic)
and very weakly acidic (phenolic and amine) functional groups. Humic
substances are amenable to standard measurements  conducted on
macromolecules, such as potentiometric titration, viscométric
measurements, and electron microscopy but interpretation of the results
of such tests must consider the heterogenous nature of humic
substances.

For a simple carboxylic acid, the equation for dissociation may be

written as:

RCOOH <===> RCOO™ + H* (1)

where: (2)

K =(H*)(RCOO™)/ (RCOOH) and pK = pH - log[(RCOD™)/(RCOOH)]
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However, if a double electric layer is present, then the appropriate
equation is:
(3)

K =(H+)5(RCOD')/(RC00H) and pK = pHg - log[(RCOO™)/(RCOOH)]

where (H+)5 is the hydrogen activity at the acidic site on the surface

of the molecule and is given by:
(HY) g = (HY) exp(-#g} and pHg = pH + 0.434 g (4)

where ¢o is the dimensionless surface electric potential (e®g/kT) and

logjoe = 0.434. Combining the two expressions yields:

L[}

pK = pH + 0.434 g5 ~ logl(RCOO™)/(RCOOH) 1] (3)

If the surface of the macromolecule is covered with acidic groups
of the same type, then pK is an intrinsic property of the molecule and
is not changed by the degree of ionization or ionic strength. Instead,
as the surface potential @ changes to reflect ionic strength of the
solution and charge density on the macromolecule surface, the pH of the
bulk solution at a given degree of ionization changes as well to reflect
the constancy of the intrinsic pK. The surface potential #; may be

calculated from the Poisson-Boltzmann equation:

e g d¢
+ = K2 ginh @ (6)
dxe X dx

with the boundary conditions:
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dé dg
= 4uage/€kTK and
dx |x=s dx |x=@

L}
o

plo) (7)

where x is distance from the charged surface s to infinity, g is a
geometric factor equal to O for a charged plane, 1 for a cylinder, and 2
for a sphere, ¢ is the charge density, and K = (Bne€IN/1000€kT)!/E for a
1:1 electrolyte where I is the solution concentration (mol/L) and N is
Avogadro’s number. Analytical solutions exist for the planar case and an
analytical approximation exists for the cylindrical case; however, exact
solutions for the cylindrical and spherical case are semianalytical or
numerical solutions.

Experimental evidence collected to date strongly suggests that
humic substances in solution have a strand-like "tertiary" structure,
often described as a random coil (Hayes, 1986). Cameron et al. (1979)
determined the molecular weight by ultracentrifuge sedimentation
velocity of a number of humic acids fractionated by gel chromatography;
on the same substances, diffusion coefficients were measured, permitting
the calculation of intrinsic friction coefficients. The experimental
relationship between the friction coefficients and molecular weight
fitted the behavior expected of either a flexible random coil or a disk
shape, ruling out spheres and oblate or prolate ellipsoids. Chen and
Schnitzer (1976a) considered the problem of the dimension and geometry
of humic molecules using viscemetric technigues. The viscometric
behavior of both humic and fulvic acid solutions was found to exclude
spherical geometry, while stereochemical considerations ruled out a disk
shape, leaving a rod geometry as the most likely approximation. Scanning

electron microscopy of dry preparations seems to support rod-like



- 52 -

geometry (Chen and Schnitzer, 1976b), as do additional viscometric
measurements (Ghosh and Schnitzer, 1980).

For purposes of calculation of phenomena related to the electric
double layer, humic substances may be modelled as an infinite cylinder
with charges arranged on the surface. The semi~infinite length is
acceptable if the cylinder is suitably long and the radius is suitably
small s0 that end effects are negligible. Ionized groups are
hydrophilic and are likely to be located at the interface of the humic
substance with the solution whereas hydrophobic portions of the molecule
are likely to arrange themselves in the interior of the molecule.
Although the uncharged molecule may be coiled, when ionized,
electrostatic repulsion between ionized groups is likely to extend and
straighten the molecule to open configurations.

As mentioned above, no analytical solution exists for the double
electric layer of a charged cylinder. However, the use of a linearized
version of the Poisson-Boltzmann equation (eq. 11), setting sinh ¢ equal

to ¢, is common; this approximation is based upon the expansion:
sinh ¢ = ¢ + #3/31 + #9/51 + ...:

and only holds for ¢ << 1. The resulting equation is solved by a
modified Bessel function, which is basic to the solution of many
problems of heat diffusion (Carslaw and Jaeger, 1959) and diffusion
(Crank, 1936) in cylindrical systems, as well as for their original use
by F.W. Bessel in the 1820s for calculating Keplerian laws of planetary
systems. The solution is of the general form g(x) o Ky(Kx) where Kg(Kx)

is a modified Bessel function of zero order (Dube, 1943). This solution
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in a cylindrical system is analogous to the approximation
pix) o exp(-Kkx) in planar systems for ¢ << 1, (van Olphen, 1977)
especially considering that the polynomial expansion for the modified

Bessel function is:
Ko(Kx) = exp(-kx)[1.853(kx)"1/8 - 0.157(kx)73/28 + 0.219(kx)73/2 |

where kx > 2 (Olver, 1964). The Bessel function 1is the basis of
approximations of the double electric layer of charged cylinders
(Brenner and McQuarrie, 1973) and also serves as the basis for various
semianalytical, numerical solutions of the Poisson-Boltzmann equation
(Sugai and Nitta, 1973; Stigter, 1975)

The aim of this chapter is to characterize the acidic groups of a
humic acid and to match the behavior of the weakly acidic group to that
of an ideal cylinder of infinite length, specified radius, and an ideal
double electric layer. After the apparent radius of the humic acid is
determined from acid-base titration, the ideal predicted anion exclusion
will be compared to the nitrate exclusion data collected in the previous

section.

MATERIALS AND METHODS

Humic acid:
Humic acid was extracted according to the procedure recommended by
the International Humic Substance Society (1982) from a peat soil from

the Hula Valley, Israel (pH 3.8 in 1 M KCl, 69%4 organic matter). The
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soil was shaken overnight with 0.1 M NaOH under Np with a 10:1
extractant:soil ratio. The extract was centrifuged to remove suspended
matter. The pH of the extract was adjusted to 2 with HCl and the humic
acid precipitate was collected by centrifugation. The humic acid was
redissolved in 0.1 M KOH + 0.3 M KC1, followed by reprecipitation with
HCl. The humic acid was then treated with 0.1 M HC1 + 0.3 M HF for 7
days at which time the ash content was less than 1%. The purified humic
acid was then dialyzed against deionized water to remove free acid and
salt, and lyophilized.

The particle density of humic acid was measured by pycnometer (Chen

and Schnitzer, 1976a).

Titration procedure:

A stock solution of 0.30% w/w humic acid was prepared by dissolving
humic acid in NaOH followed by dialysis against an exterior solution of
2.5 mM HCl. A series of titrations of humic acid was conducted at ionic
strengths varying from approximately 2 mM to 100 mM NaCl. Fixed
quantities of NaClvand HCl1 sclutions were added to the humic acid stock
solution to produce 0.25% w/w humic acid solutions with initial pH
values between 2.5 and 3.0. Titrations were begun below pH 3 in order to
titrate the most acidic groups of the humic acid (Takatsu and Yoshida,
1978); no coagulation was apparent. Eight mL aliquots of the solutions
were titrated with 0.05 ml increments of 0.100 M NaOH using a Metrohm
663 Dosimat. Measurements of pH were made with a Metrohm 6.0203.000
combined pH glass electrode. When the reading did not vary by 0.01 pH
unit over 3 minutes, the reading was taken as final and the next

increment of base added.
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Titration analysis:

Titration curves were analyzed by the procedure of Takamatsu and
Yoshida (1978). Gran’s plot calculations were performed to determine the
strong (free) acid equivalence point, that point at which the strong
acid residual from sample preparation has been titrated and at which the

titration of the humic acid has begun, as follows:

(Vg + VITHYT & m(vg - V) (8)

where Vg4 initial volume of sample

V = volume of titrant base
m = concentration of titrant base
Vg = volume of titrant base equivalent to the strong acid

The strong acid equivalent was obtained by plotting (Vo + ViT107PH]
against V.

The total acid equivalent point was determined using the Gran plot

for the high pH region, as follows:

(Vg + VIIOHTT & m(V - Vg) (9)

where Vg = volume of titrant base equivalent to total acidity.
Therefore, (V5 + Viyc1oPH-141  wag plotted against V to obtain total
acidity.

Differentiation between weak and very weak acidic groups was made
by determination of the point of maximum inflection of the titration
curve; the volume of titrant base equivalent to the strong + weak acid

equivalency point is V.
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Henderson-Hasselbach plots aof the weakly acidic functional group

were calculated from the titration data as follows:

pH = pK + n log [ (RCOOH)/(RCOO™)1] or

pH = pK + n log [ m(V,~V)-(TH'I-LOH™ 1) (Vg+V))  /

m(V=Vg)+(THYI-LOHT1) (Vo+V) ] (10)

This form of the Henderson-Hasselbach equation considers explicitly the
presence of free strong acid at the beginning of the titration and
volume changes during the course of the titration due to addition of
base. In the case of a simple monobasic acid, n reduces to one; in the
case of no weak acid titrated at all, the equation describes the course

of titration of strong acid with strong base (Ricci, 1932).

Surface Potential Calculations:

The Poisson-Boltzmann equation for distribution of electric
potential about an infinitely long charged cylinder was solved with
either the semianalytical solution -of Sugai and Nitta (1973) or
numerically using the . Adams method (Hildebrand, 1936) if the
semianalytical solution failed to converge within the first nine terms.

The semianalytical solution was of the form:
BUAx) = T fpp-q (C*Kg(hx)IEN™L (11)

where n = 0,1,2,..9, fpy-1 is a numerically integrated constant, Kg(kx)

is a modified Bessel function of zero order, and C is a constant whose
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value is determined iteratively by the Newton-Raphson method using the
boundary condition at the surface.

The Adams predictor-corrector method used to numerically solve the
differential equation replaces the second-order differential equation
with a set of two first-order equations in ¢ and ¢’ (d¢/dx) using ¢’ and

#" (d2p/dx®), as follows:

B(I) = g(I-1) + Ax*[9g° (I-1)-5¢° (I-2)+g°(I-3)1/284 (12)

B(I) = #”(I-1) + Ax*[p"(I-1)-5p"(I-2)+p"(1-3)1/24 (13)

where I = 0,1,2..., Ax is the size of the x increment, and x = I*aAx. The
equations are solved together first in open form based on previous
values of @(x) and @’(x) and then solved iteratively in closed form
based on current and previous values, using the formulas of Table 1.

The Adams predictor-corrector formulas are not self-starting. The
Taylor series up to #(4)(a) was used to generate the first step. The
Adams formulas were started at the second step using a first difference
predictor and second difference corrector. The third step used a second
difference predictor and third difference corrector. The fourth and
subsequent steps used a thjrd difference predictor and corrector,
yielding fourth-order accuracy. Truncation error is due only to terms
including p(3) and higher derivatives. >

The Adams predictor-corrector method actually solves initial value
problems, i.e., p(a) and @’(a) are known. Since the differential
equation is to be solved as a boundary value problem with one criterion
at x = a and u = @ each, a value of #(a) was chosen and the solution was

continued until either p(x) or ¢’(x) reversed sign. The first estimate
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was found to be conveniently taken as the surface potential calculated
analytically for the planar case. If ¢(x) reversed sign, this was taken
as indicative of an overly small #(a) and the calculations were repeated
with a larger #(a). If ¢#°(x) reversed sign, #(a) was decreased and
calculations repeated. The optimal value of $#(a) was considered that
value which permitted the calculation of g(x) to the greatest distance
from the surface before g(x) or ¢’(x) changed sign. A search algorithm
was written to automatically choose new values of g(a) until changes in
p(a) were below the desired level of accuracy and iterations stopped.

As a check, the excess charge at each increment was calculated as a
function of potential and integrated numerically as a cylindrical shell
from x = a to the point at which either #(x) or #°(x) reversed sign
using Simpson’s rule. Calculations were performed in Microsoft Basic 2.0
on an IBM-PC. A program listing and tests of algorithm accuracy are

included as an appendix.

Anion Exclusion Calculations:

The electric potential asb a function of distance from the humic
surface was calculated for a number of discrete degrees of 1ionization
using the semianalytical equation of Sugai and Nitta (1973) for a range
of ionic strengths from 1 mM to 100 mM; humic radii were taken as those
producing the best fit of dependence of measured acid strength and
theoretical surface potential on ionic strength (see Results and
Discussiony, Cation Condensation). The anion deficit relative to the

equilibrium solution was calculated and integrated as follows:

Aey = anaf”(l-exp<¢(x)) X dx

L 1/ naep



_.59__

=
atp

where : Ae = anion exclusion volume per cross-sectional area

Vey = Agy L = ajm(l—exp(¢(x)) X dx

X = distance from cylinder axis (cm)

pix)= dimensionless potential at x

L = cylinder length per unit weight
a = radius of cylinder {(cm)
p = density of cylinder (cm3 g‘l)

Vex = anion exclusion volume tcm3 g 1HA)

integration of (1-exp(g{x))x from the cylinder radius a to a distance of
12/ was performed numerically using the cubic spline algorithm
described by de Boor (1978); at this distance, the reduced potential was
of the order of 1078, and the anion deficit (1-exp(g(x)) was of the same
order of magnitude; calculations were therefore terminated with

negligible truncation error.
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Table 1. Formulas used for Adams predictor-corrector method, where y =
# or p’y as appropriate. For I 2 2, the -equivalent formulas are
constructed for y"(I). The predictor formulas (P) are solved once for

each I whereas the corrector formulas (C) are solved iteratively.

I =1:

y(I) = y(a) + y’(a)®ax + y"(a)*ax2/21 + y(3) (a)xax3/31
+ y{(4) (ayxaxt/41

y"(a) = sinh(yg) - y’(a)*(Ka)~1
y(3¥(a) = y’(a) * (cosh(yy) + (Ka)™@) - y"(a)x(ka)~!
y{4)(a) = y’(a) » (sinh(yg)*y’(a) - 2x(Kka)~3)

+ y"(0) * (cosh(yy) + 2%¢(ka)™2) - y(3)(a)x(ka)~t

I =2:
P: y(I) = y(I-1) + Ax#[36y’(I-1) - 12y’ (I-2)1/24
C: y(I) = y(I-1) + Ax*[10y’ (1) + 16y’ (I-1) - 2y’ (I-2)1/24
I = 3:
P: y(I) = y(I-1) + Ax*{4by’(1-1) - 32y’ (I-2) + 10y’ (I-3)1/24
C: y(I) = y(I-1) + Ax*[9y’(I) + 19y’ (I-1) - Sy’ (I-2)
+ y’(1-3)1/24
I = 4:
P:  y(I) = y(I-1) + Ax*[55y’(I-1) - 59y’ (I-2) + 37y’ (1-3)
- 9y’ (I-4)1/24
C: y(I) = y(I-1) + Ax*[9y’(I) + 19y’ (I-1) - Sy’(I-2)

+ y’(I-3)1/24
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RESULTS AND DISCUSSION

Characterization of Acidic Groups:

The strong “acid equivalence point Vg, at which the titration of
humic acid commences, was determined by Gran plot calculations. The end
of the titration of the weakly acidic groups (and the beginning of the
titration of the very.weakly acidic groups) V,; was -determined by the
point of maximum pH inflection of fitted cubic splines. The difference
between these two points was taken as the weak acid content of the humic
acid, and is generally regarded as due to carboxylic functional groups.

Titration curves of Hula Valley humic acid were similar for all
ionic strengths measured and no unusual features were made apparent by
varying the ionic strength (Fig. 1). Gran plot calculations permitted
unambigous extrapolation of the strong (free) acid and total acid
equivalent points (Fig. 2). Strong (free) acid equivalence points
were all between pH 2.8 and 3.1, confirming the recommendation of
Takamatsu and Yoshida (1978) to add strong acid before titration. The
measured contents of weakly acidic groups; very weakly acidic groups,
and total acidic groups were not affected by the ionic strength during
the course of the titration (Table 1). For a group of 11 soil-derived
humic acids, Takamatsu and VYoshida (1978) found that weakly acidic
groups were in the range of 1.42-3.23 meq g”l, very weakly acidic groups
0.59-1.29 meq g~ !, and total acidity 2.41-4.51 meq g~!. The Hula Valley
humic acid has 2.39 meq g"l weakly acidic groups, 1.11 meq g"1 very
weakly acidic groups, and 3.51 meq g‘l total acidity; the contents of’

acidic groups is therefore fairly typical of soil-derived humic acids.



Base added, meq/g HA

Fig. 1. Titration of Hula humic acid at several ionic strengths, 0.0927
M (1), 0.0266 M (2), 0.0133 M (3), 0.0046 M (4), 0.001B M (3), and

0.0017 M (6). Curves have been displaced for purposes of display.
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Fig. 2. Gran plot calculations for Hula humic acid. Sample labels as

in Fig. 1. Curves have been displaced for purposes of display.
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In contrast to the acidic group content of the humic acid, the
acidity of the weakly acidic groups, as shown by the Henderson-
Hasselbach plot (Fig. 3), is clearly influenced by ionic strength. The
apparent pK, values decline from 5.6 to 4.9 as ionic streﬁgth increases
from 2 mM to %3 mM (Table 2 and Fig. 4).The shape of the Henderson-
Hasselbach plot, although curvilinear, was not appreciably affected by
ionic strength. The pKy values at 0.100 M ionic strength and n values
for 11 soii-derived humic acids (Takamatsu and Yoshida, 1978) ranged
from 4.63 to 5.10 and from 1.80 to 2.85, respectively; the values
measured for Hula humic acid at 0.093 M, pPKa = 4.93 and n = 2.07 (as
the first derivative at 5S0% ionization), are in the middle of these

ranges. The change in measured pKy with ionic strength exceeds simple

activity corrections which are approximately proportional to the

Table 2. Characteristics of Hula Valley humic acid.

Ionic Weakly acidic group Very weakly Total
Strength acidic group Acidity
mol L1 meq g~ 1 pKa n - meq g~} meq g~}
0.0927 2.41 4,931 2.01 1.20 3.461
0.0266 a2.37 5.114 2.04 1.16 3.53
0.0135 2.34 5.245 2.02 1.10 3.44
0.0046 2.39 5.4835 2.15 1.04 3.43
0.0018 2.40 S5.611 2.00 1.07 3.47
0.0017 2.46 5.620 2.20 1.10 3.56
average 2.39 2.07 1.11 3.51
standard

deviation 0.04 0.08 0.06 0.07
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[#7]

lonic Strength (mol/L)

0.0018
0.0017
0.0046
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log ( (HA] / [A=])

Fig. 3. Henderson-Hasselbach plats as a function of ionic strength for

six titrations of Hula humic acid.
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Fig. 4. Apparent pK at 50% ionization as a functian of square root of
ionic strength and radius. Lines A and B show slopes predicted by

Debye-Huckel activity equations for a monocarboxylic and dicarboxylic

acid, respectively.
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square root of ionic strength. The slope indicated by Fig. 4 between 2
and 25 mM is -5.03, compared to -0.51 for a simple carboxylic acid or
-1.53 for a simple dicarboxylic acid (Fig. 4, slopes labelled A and B,
respectively; Albert and Sergeant, 1971). Posner (1964) found a slope
of -4.01 for a soil-derived humic acid. Furthermore, using the simple
carboxylic acid model, the intrinsic pK, in the absence of activity
effects, by extrapolation to zero ionic strength indicates a pK of 5.9
for the humic acidy; this value is exceptional for known simple
carboxylic acidsy 75% of which have a pK in the range of 2.5 to 5.5
(Perdue, 1983). This discrepency clearly indicates that electrostatic
pﬁenomena related to the macromolecular nature of humic substances are

present.

Cation Condensation:

The apparent radius of the humic macromolecule was calculated by
assuming pK to be a function of the degree of ionization alone and
independent of ionic strength effects; this concept considers pK to be
an intrinsic characteristic of the molecule. For discrete degrees of
ionization of the carboxylic acid groups of Hula humic acid, a number of
hypothetical radii for cylinders of infinite length were tested for the
surface potential upon solution of equations 5, 6, 7, and il. The sum
pH + 0.434 @g., where pH is the measured pH at the given degree of
ionization and 1ionic strength, was tested for independence from ionic
strength phennmeﬁa by plotting it against the square root of ionic
strength (Fig. 5) and by calculating the variance of pH + 0.434 g, about

a mean for all six ionic strengths measured (Fig. 6).
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As seen in Fig. 5, an ideal cylinder with a radius of 0.45 nm or
more and with the exact charge and particle density of Hula humic acid
at 50% ionization of carboxylic acidity has a negative dependence of
pH + 0.434¢. on ionic strength, whereas for a radius of 0.40 nm or less,
the dependence on ionic strength is positive. However, as shown in
Figs. 5 and &, an ideal cylinder of 0.42 nm radius would possess a
double electric layer, the surface potential of which changes with ionic
strength to an extent which balances measured pH changes over the same
ionic strength range within 0.02 pH wunits. Radii determined by the
above procedure may be considered the best fit of measured pH values at
different ionic strengths and degrees of ionization with ideal charged
cylinders; similarly, the pK and pH + 0.434 @g values so derived may be
considered to be intrinsic to the macromolecule itself since they are
independent of ionic strength variations.

Best fit radii and intrinsic pH + 0.434 ¢ are summarized in
Table 3 and Fig. 7 for ionization ranging from 12.3 to 75%. Of
particular interest is that the apparent radii are similar but not
identical over the range of ionization considered. The convergence of
apparent radii to a narrow range over a wide range of acid ionization
strengthens the validity of the treatment of humic substances as a
charged cylinder. The apparent radius decreases from 0.85 nm to 0.35 nm
as acid ionization increases from 12.5% to 75%, which seems to be the
result of configurational changes in humic acid resulting from
increasing the quantitity of negative charge and the extension and
subsequent thinning of the humic macromolecule resulting from the

electrostatic repulsion between ionized acidic groups.
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Fig. 8. Intrinsic Henderson-Hasselbach plot (symbols) and resolution by

a mixture of two weak acids, 1.22 meq g~ ! and pK = 3.59 and 1.17 meq g~!

and pK = 5.32 (solid line).




_71_

Table 3. Results of application of double electric layer theory to humic

acid.

Degree of Apparent pH + 0.434¢- Specific Area per

Ionization Radius average Surface Charge
{nm) + st.dev. Area (m€ g’l) (nme)

12.5% 0.85 3.336 * 0.019 1460 7.8

25% 0.63 3.636 £ 0.020 1970 5.5

37.5% 0.50 4,067 * 0.016 2480 4.6

50% 0.42 4.478 * 0,021 2966 4.1

62.5% 0.40 4,823 * 0.029 3105 3.4

75% 0.35 5.398 * 0.033 3549 3.3

When the intrinsic pH + 0.434 ¢ o is plotted against
log[ (RCOOH/RCO0™)] (see eq. 11) in Fig. 8, the slope of the resulting
Henderson-Hasselbach plot, even in its intrinsic form, shows that the
carboxylic functional group is not of a single type since the slope is
not equal to unity. This finding agrees with numerous chemical
degradation studies which show a variety of types of carboxylic acids in
humic acids, each of which is likely to have its own pK, regardless of
macromolecular behavior. Therefore only the average or aggregate
behavior is measured during titration. For illustrative purposes, the
data in the intrinsic Henderson-Hasselbach plot was resolved
mathematically into two ideal carboxylic acids. The titration curve of
two weak acids titrated by strong base is described mathematically as

follows:
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a1Ky agka
H* - OH™ = + - bg (14)
Ky + H* Ka + H*

where aj and K; are the concentration and dissociation constant of weak
acid i and bg is the concentration of strong base added (Ricci, 1952).

Rearrangement of the above equation gives a quartic equation for H*:

HY + H3 [K +Kptbgl + HE [K Kp-W+{K +Kp)bg—aK —agpKpl (15)

-H [(KlKa(a1+aa“b5)+N(K1+Ke)] - KIKEN =0

where W is the dissociation constant of water. The equation was solved
for H+(b5) by the Newton-Raphson method and pH.5j. was fitted by least
squares to pHjnt¢ by adjusting ayy, Ky and Kp (ap by difference from total
carboxylic acidity). The results of curve-fitting indicate 1.22 meq g'l
of a type I acid with pK 3.59 and 1.17 meq g~ ! of a type Il acid with pK
5.32. The resulting behavior 1is superimposed on the intrinsic
Hasselbach-Henderson plot in Fig. 8. No evidence exists that only two
types of discrete carboxylic acids do indeed compose humic acid; the
intrinsic pH approach however produces no problem of unresolvable data
since any model with two or more types of acidic group or other
assumptions regarding acid type distribution will be able to fit the

data.

Anion Exclusion:
In a planar system, the exclusion volume is proportional to 1/K,
the Debye-Huckel length; the coefficient of proportionality is equal to

the particle surface area multiplied by a coefficient dependent upon the
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valencies of the cations and anions in solution (Schofield, 1947; Bolt

and de Haans 1979).

S (@ /4pCy - &)

exya
where Vex,a = experimental exclusion volume of ion a
S = specific surface area
8! = a constant derived from the solution of an exact integral,
2 for a 1:1 electrolyte solution, and 1.04, 2.45, and
1.41 for a 2:1, 1:2, and 2:2 electrolyte solutions,
respectively
JRCq = {(Bnef/E€kT * total electrolyte concentration in
equilibrium solution (eq/L))
) = a cutoff distance, usually between 0.2-0.4 nm from the

surface.
0f interest 1is that JB8Cqy is related to J8Ig = K, where Iy is the ionic
strength of the equilibrium solution. As mentioned above, there 1is no
analytical solution of the double electric layer in a cylindrical system
and the calculation of @ as a single-valued parameter @ for each
type of electrolyte is not possible.

When the theoretical exclusion volumes calculated from the pfoton
condensation values are plotted against 1/K, a curvilinear function is
found for each radius and degree of dissociation (Fig. 9). When
theoretical exclusion volumes are expressed as a function of 17K (units
of distance®), linear functions are obtained with zero intercepts, with
a slope characteristic of each degree of ion<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>