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ABSTMCf 

Levels of arsenic and boron in Florida natural waters have been 

measured and found generally to be low and not of toxic concern. Boron 

levels in municipal sewage effluent are high enough to cause phytotoxcity, 

at least to sensitive plants such as citrus. The source of the elevated 

boron levels in sewage evidently is detergent use of borates as softeners 

and perborates as bleaching agents. Analysis of boron in rainfall found 

increasing concentrations near the coasts, indicating marine-derived 

aerosols are an important source of boron in the natural cycle of boron 

in Florida. Boron is a relatively conservative substance and model 

ecosystem studies indicate little toxic h~zard and little bioaccumulation 

at the boron levels expected in natural waters. 

Arsenic levels in Florida surface and ground waters were found to 

be normally quite low (a few ppb) to undetectable (less than 1 ppb). 

Canals in South Florida around Lake Okee~hobee had higher levels than 

other parts of the state, with detectable levels in almost all samples 

and a mean of 5 ppb. The arsenic cycle in aquatic systems appears to 

be sediment dominated. In citrus grove soils arsenic was associated 

mainly with the iron fraction, but in anaerobic Lake Apopka sediments, 

arsenic was present primarily in a leachable "water soluble" form and 

was present as As III. Catfish from Lake Apopka do not appear to con

centrate arsenic, but waterhyacinths from Lake Apopka had about 1 ppm 

(dry wt). 
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CHAPTER I. INTRODUCTION 

Far too frequently, environmental problems arise as a result of 
man's lack of foresight to investigate the consequences of adding to 
the environment incol'lj.;,o~~Hlij.\:ant;:i.'~J.~ a,ehe~ica} oX! ,c;l;a.a:fl of ,ohemica1s 
that seem of great importance to his culture. The recent concern 
over mercury pollution and the cultural eutrophication of many lakes 
from sewage effluents rich in nutrients, especially phosphates from 
detergents, are two prime examples of problems which might well have 
been avoided. If the effects of these chemicals on the environment 
had been understood before their widespread use and discharge into 
lakes and streams, there likely would have been no reason for concern 
now about mercury levels in fish, and perhaps the eutrophication of 
some of our lakes and rivers would have been avoided. 

It is not possible to investigate all consequences of discharging 
into the environment every chemical beneficial to man. The task would 
simply be too large and complex and likely would yield far more irrelevant 
results than information pertinent to potential problems. However, 
there are criteria which can aid in setting priorities on potential areas 
of research. Three questions which, while not all-encompassing, help 
identify elements and chemicals worthy of investigating in this context 
are the following: 

1. How much do we know about the chemical or element, its natural 
abundance, and its reactions in the environment? 

2. Is it likely that man will add the chemical or element to the 
environment, or is he already adding it, and if so, how much? 

3. Is this chemical or element known to be toxic or growth-pro
moting to plants or animals? 

Obviously, the smaller our understanding of an element's cycle or 
a chemi,ca1' s role in the environment, the greater the possibility of 
overlooking a potential problem. However, unless it is likely that 
man will be enriching the environment with this element or chemical, 
there probably will be no problem. If the substance under consideration 
is known to be toxic or growth-promoting, the significance of investi~ 
gating the consequences of its discharge into streams is accentuated. 

Applying these questions to boron and arsenic compounds, it is 
apparent that concentrations of both elements in streams and lakes are 
potentially significant problems and deserve investigation. There is 
little information currently available on typical levels of either 
element in Florida natural waters or on their sources, sinks, or role 
in plant nutrition. However, uses of boron in agriculture, industry, 
and the home are increasing daily. Arsenic has long been used as a 
pesticide; recently it has been found as a contaminant in detergents, 
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owing apparently to its association with mineral phosphates. 
Phosphate deposits are common in Florida and the widespread natural 
occurrence of relatively high arsenic levels was a distinct possibility. 
In addition, boron is known to be toxic to certain plants at relatively 
low concentrations, and arsenic is toxic to man and other animals. 
Arsenic·;,isoa::know. carclilno>gi:m., taad l!'@C~tJi! it has been found that 
arsenic can be methylated under anoxic conditions to form volatile methyl 
arsines. All these factors combine to make the distribution of boron 
and arsenic in Florida waters worthy of investigation. 

This research was undertaken in an effort to augment the meager 
supply of information on boron and arsenic concentrations in various 
Florida waters and to increase our understanding of their cycling in 
aquatic environments. The work necessary to achieve this was accomplished 
in three phases for each element. In the first phase the literature 
was reviewed, and a sensitive reliable analytical method was developed 
which requires no pretreatment of samples and is suitable for analysis 
of large numbers of samples. The second phase consisted of developing 
a sampling program and collecting and analyzing water samples from a 
variety of sources throughout Florida. The final phase of the work 
involved designing and conducting laboratory experiments to evaluate 
possible sinks for boron and arsenic in aquatic environments. Because 
work on the two elements was conducted independently, and in fact it 
is unlikely that significant interactions occur between the sources and 
cycles of the two elements in the environment, we have treated them 
separately in this report. The report is thus divided into two parts, 
the first dealing with boron studies, the second with arsenic studies. 
In each part a background chapter on the ~Jj~l1t~, chemistry, sources, 
environmental levels, toxicity and analytical methods is presented, 
followed by chapters on the scope of the present investigation and 
analytical methods used in this study, results for the present study 
and discussion of the results, and finally a summary and conclusions 
chapter. 
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PART I. BORON 

CHAPTER 2. BACKGROUND INFORML\TlON ON BOR(}l 

Boron occurs in nature in the form of borax, borates, boric acid, 
and certain borosilicate minerals, such as tourmaline. The principal 
U. S. sources of boron are marine evaporite"deposits found in the south
west. Boron is also present in the oceans, to the extent of about 4.7 
mg/1 (world-wide average). Boric acid and borate are similar geochemi
cally to chloride. They are readily leached out of soils, are relatively 
inert chemically, and tend to be concentrated in the oceans. 

Boron has a low toxicity to animals, significant toxic effects 
occuring only at concentrations exceeding about 30 mg/1, above which 
it begins interfering with digestive processes. It is an essential 
micronutrient for plants, but its exact role in plant metabolism is 
still not clear. Apparently boron is involved in several physiological 
and biochemical activities of plants. Dugger (1973) states that the 
"primary" role, if there is one, may be associated with an effect on 
enzymatic reactions or on nucleic acid biosynthesis. Dugger reviewed 
recent work on the role of bIDrIDn in several aspects of plant metabolism, 
including organic translocation, enzymatic reactions, growth regulator 
response, cell division, cell maturation, and cell wall metabolism. 
As is true of em any other micronutrients, boron is phytotoxic when present 
in excess. Boron toxicity is characterized by leaf-yellowing and burn
ing, premature leaf drop, and reduced yields. Bingham (1973) listed 
various crops according to their tolerances to boron (Table 2-1). 
Citrus and other fruit trees are the most sensitive crops listed, with 
threshold concentrations for toxicity ranging from 0.3 to 0.5 mg/1 in 
irrigation waters or soil solution extracts. 

Table 2-1. Toxic Boron Concentrations of Saturation Extracts for 
Seh~itiye, _Semito_1~r(mt, ag<i To1e!~t Crop Species* 

0.5-],..0 

Sensitive 

Citrus 
Av~o 
Aprleot 
Peach 
Che_lJ:, 
h3L91-. 
fig 

Saturation-Extract Boron, TIlfj!l 

SemitoJ._~ 

Lima bean 
Sweet potato 
Bell pepper 
Oat 
Miro 
Corn 
Wheat 

3 

5.0-10.0 

Cab 
Turnip 
Obion 
Broad. bean· 
Alfalfa 

(Cont. p. 4) 



Table 2-1, (cont'd.) 

sensitive 

Grape 
Apple 
Pear 
PIWll 
Navy bean 
Jerusaiem artichoke 
Walnut 

semi-tolerant 

Barley 
Olive 
Field pea 
R4dish 
Tomato 
Cotton 
Potato 

, tolerant 

Garden beet 
Y.angel 
Suga..r beet 
Palm 
Asparagus 

"Listed in each category according to susceptibility to boron 
injury (viz. , citrus is more sensi tl ve than walnut. lima.· bean more 
than potato, etc.). 

Since many soils are deficient in boron, inclusion of small amounts 
of boron in commercial fertilizers recently has become a wide-spread 
agricultural practice. Industrial uses of boron and boron-containgmgg 
compounds are varied. Boron is used in the steel industry where it is 
added to alloys in trace amounts to increase hardness. It is also used 
extensively in the glass industry in the manufacture of borosilicate 
glass, but the most important use of boron in terms of impact on water 
pollution has been in the manufacture and use of household laundry 
products. 

Borax has long been added to detergents for its water softening 
and buffering properties, but consumption of boron by the detergent 
industry has been markedly increasing, primarily due to the recent 
marketing of several dry bleaches using sodium perborate (peroxoborate) 
as the bleaching agent and the inclusion of this compound in detergent 
formulations. Until recently, use of perborate bleaches was hindered 
by their low bleaching efficiencies compared to hypochlorite bleaches 

at the 120°-140°F maximum temperatures typically produced by hot-water 
heaters in the United States. However, because of the advantages of 
cost, ease of manufacture, and ease of handling of these bleaches over 
hypochlorite bleaches, detergent manufacturers conducted an intensive 
search for activators to catalyze the perborate bleaching action at 
lower temperatures. (Anon,1967). This search resulted in a host 
of patents for such activators, and typical detergent formulations now 
often include from 1 to 10 percent sodium perborate, while dry bleach 
formulations ~ay contain from 40 to 60 percent sodium perborate. 'In 
Europe, where some hot-water heaters produce near-boiling temperatures, 
the relative efficiency of perborate versus hypochlorite has been less 
of a problem, and perborate bleaches were included in detergent formu
lations several years ago. 

'I --!: __ _ _ ___ -'-_ --.!: __ ""- __ ...l _ ..,j 

The magnitude of the consumption of boron for bleaching agents 
included in detergents is illustrated by the following calculations: 
Based on industry data for 1969 (Anon. 1970a, b), synthetic detergents. 

4 

comprised 84 percent of the total world soap and detergent production, and annual 



North American consumption of these products averaged 42 .2· lb / cap. 
Therefore the approximately 200 million people in the United States used 
some 7.1 billion pounds of detergents in 1969. Assuming that 25 percent 
of these detergents were compounded with 5 percent sodium perborate con
taining 8 percent boron by weight, the total boron cons'Illmpti'<!lilJ. for 
bleaching agents in detergents in the United States would be 7 million 
pounds. Assuming an average daily per capita water consumption of 150 
gallons, the boron concentrations in sewage would average about 75 ~g/l. 
In reality, this is a rather conservative estimate and the actual value 
could easily be much higher. In addition, these calculations are based 
only on bleaching agents included in detergents, and do not include boron 
in dry bleaches, borax included in detergents for softening and buffering, 
or any industrial sources of boron. Since little, if any, of the 
boron present in sewage is removed by conventional methods of sewage 
treatment (Waggott 1969) ~ the boron added to wash water eventually makes 
its way to surface streams and rivers which receive treated sewage 
effluent. Bingham (1973) has estimated that perhaps as much as 50 percent 
of the boron in surface streams is attributable to household uses. 

B,. PRIOR INVESTIGATION) OF BoRON IN THt; AQUATIC ~WV1~~Nlf 

Despite the role of boron as a micronutrient and its potential 
hazard to many fruit crops at levels only slightly higher than optimal, 
investigations of boron in natural waters have been few and infrequent. 
The small amount of published data is reflected in the limited infor
mation on the subject in Hutchinson's (1957) comprehensive work on 
limnology and in the U.S. Geological Survey's Data of Geochemistry 
(White et al. 1963; Liviug$tone 1963). 

Although boron is not routinely monitored by the U.S.G.S. in its 
continuing surveillance of Florida water quality, boron analyses are run 
when requested by a municipality, or at the discretion of Survey officials. 
Examination of the published data (U.S.G.S. 1967-1970) revealed that over 
the period 1967-1970, boron analyses were performed on 134 samples from 
32 laca&ions in South Florida, and two samples from South-central Florida. 
Since 1970 the U.S.G.S. has utilized computer storage of water quality 
data rather than publication. An information retrieval search in June, 
1973, produced no data on boron for the period 1971-1973. The 1967-1970 
data apparently were collected to supplement salinity data in monitoring 
the extent of salt water intrusion in South Florida. Values varied from 
0-3700 ~g/l, depending on location and date. While these analyses do not 
constitute an organized survey of boron levels in Florida waters, they 
do provide a base of data on selected locations in South Florida. 

In the studies reviewed by Liv:i1}g£;l;;ncme (1963) ,the averA:geboron 
content of the major rivers of the USSR was 13 ~g/l, while for several 
rivers of North Americal and Norway the average was 11.6 ~g/1. Another 
study reviewed reported levels of 0.2-1.3 mg/l boron in surface waters 
of Japan, but Liv:t1l1gstonein'di::cat@ that vulcani;slIl,m:tliht be responsible 
for the high values. 
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Khachatryan (1970) reported on boron concentrations in waters of 
the Armenian SSR. In the drinking water supplies from 110 sources in 
the three hydrogeological regions of the state, average concentrations 
of 0.39, 0.29 and 0.60 mg/l were observed. In river waters a range of 
0.21-0.32 mg/l (average 0.27 mg/l) was found, while artesian wells were 
considerably higher, ranging from 0.77 to 1.44 mg/l. 

Ahl and Jonsson (1972) investigated boron distribution in fresh 
waters of Sweden and Norway. For 355 samples taken from Swedish and 
Norwegian rivers they found a range of O-lSOCgllg/l\~ i tvtl.th &emedlianf 03:212 
llg/l and a mean of 31 llg/l. For three sewage treatment plants boron 
levels ranged from 373 to 620 llg/l in the influent and little or no 
removal was apparent from grab effluent samples. A range of 2.0-19.0 
ppm boron (dry weight) was reported for several aquatic plants, with 
significant differences evident between species. 

In a Canadian study Afghan et al. (1972) measured environmental 
boron concentrations during an evaluation of a proposed fluorometric 
analytical method. Boron levels in seven Ontario and Saskatchewan 
lakes ranged from 5 to 3500 llg/l '&l:(!l1:?I91i; all but one contained less 
than 750 llg/l, and two contained less than 50 llg/l. Snow samples, 
collected in the Ottawa area, contained 1 to 12 llg/l boron, and 
sewage contained 130 to 140 llg/l in the raw waste, and 95 llg/l in the 
effluents. 

In an earlier study of boron in Florida waters, Odum and Parrish 
(1954) observed ranges of boron of 13:-:32 llg/l in six freshwater springs, 
12~~7 llg/l in six streams, and 12-17 llg/l in five North Florida lakes. 
For two summer thunderstorms in Gainesville, they found 9 and 15 llg/l 
in the rainwater. Boron concentrations in salty springs were higher, 
ranging from 24 to 300 llg/l. A positive correlation was observed between 
boron and chloride, but much higher B:~~ ratios were observed in fresh
water than in salty springs and the ocean. 

Boyd and Walley (1972) measured boron~1iIli:tti:llal!, pla.ntsiGa.I¥([IZiSmal1 
s,treams in seven states of the southeastern United States, including 
~lorida. The range encountere~ fo~ 199 stream samples was 0-660 llg/l, 
with 86 percent less than 100 llg/l, and a mean of 47 llg/l. The distri
but:j.'on was biased geographicaily, with higher cqncentrations occurring 
in the M:ississippi River flood plain·· (mean 138 fig/I), the flatwoods 
region near the coast (mean 77 llg/l), and the Cumberland plateau 
(mean 106 Vg/l). Samples from the Blue Ridge Mountain region and the 
sand hills regiqn of South Carolina and Georgia were very low in boron 
(means 3 and 6 llg/l, respectively). For three rainfall collection 
stations in Grenada and Jackson, Miss. and Aiken, S.C. Boyd and Walley 
found mean boron concentrat~fins of 5.3 to 6.7 llg/l over a one year 
period. Twenty-two species of aquatic plants contained 1.2-11.3 ppm 
boron (dry weight basis), with significant differences between species, 
even when they were growing in close proximity to one another. 

Waggott (1969) reported measurements of boron in sewage and rivers 
in England. Flow-weighted concentrations ranged from 1.1 to 3.7 mg/l 
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in raw sewage entering four different treatment plants, with no discernable 
removal by conventional treatment. Variations in boron concentration 
closely followed variations in anionic detergent levels, suggesting that 
detergents were the pr;i.~'1£y source of boron in domestic sewage. Boron 
levels in the River Trent varied from 0.51 to 0.76 mg/l at different 
locations, while tributaries draining undeveloped country averaged 0.30 
mg/l boron. Treated sewage effluent constituted a large proportion of 
the flow of the River Tame, and the boron levels fanged from 0.9 to 1.4 
mg/l boron; in tributary stream~ levels varied from 0.3 to 0.8 mg/l. 
Table 2-2 summarizes the literature values for boron in sewage. 

Banerji et al. (1968) have-investigated the toxicity or "boron "to 
activated sludge orgamjtlkm6~ ~ Significant toxic effects began at about 
10 mg/l in the mixed liquor. In the range 0-200 mg/l boron in the 
raw sewage, the effluent chemical oxygen demand increased nearly 
exponentially. Pr'olonged exposures at low levels were more toxic than 
slug doses of much higher concentrations, leading these workers to 
suggest that adsorption of boron onto the sludge organisms during 
prolonged low-level exposure might result in concentrations at the 
sludge surfaces much higher than in, the surrounding solution. 

In an effort to determine the significance of sea spray aerosols 
as. a source of boron in rainfall, ~ishimura et al. (1970) determined 
atmospheric boron concentrations over the open ocean and over land. 
Concentrations over the ocean averaged 2.1 x 10-~ mg/m3 , about twice 
the average over land. However, air equilibrated with sea water in 
the laboratory contained only about 10-5 mg/m3 , leading these workers 
to conclude that the oceans are a sink, not a source of atmospheric baron. 
This conclusion is not in agreement with their own measurements of boron 
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levels over land and sea, nor with the data in the literature, nor with 
the results of the present study. Table 2-3 summarizes the results 
found in the literature for boron concentrations in rainfall. The 
locations are arranged in order of increasing distance from the coast, 
and the data indicate a gradient of boron concentration in rainfall 
versus distance from the coast, as suggested by Boyd and Walley (1972). 

i_1. a-i. iei"Qil GQM~ti'''.i~ :1J;J. ~fa.ll Reported 
a.dleUleftt_. 

toca.tlon 
Calcutta, India 
Kiriu, Japan 
Gainesville, Flc.. 
Jackson, Miss. 
Grenada., Miss. 
Aiken, S.C. 

Boron (ug/l) 
26 
98 
9, 15 
6.7 
5.) 
5.7 

Eeference 
Handa (1969) 
Muto (1956) 
Oium and Parrish (19.54) 
j,oyd a.nd Valley (1972) 

" 
It 

In the last 15 years a number of investigators have examined sorption 
of boron onto various soils and clays. Bingham (1973) has reviewed the 
principal papers on the subject. The investigators whose work he has 
reviewed generally agree that boron is sorbed from aqueous solution 
principally as molecular boric acid rather than borate anion. The sorption 
process is pH-dependent, with maximum adsorption occurring at about pH'9. 
If B(OH) S, is sorbed preferentially over B(OH)~, borollsorptipnshbuldYl 
:ln cJ!'eas a "wlUrh decreasing pH as molecular B(OHj 3 becomes the. dominant species 
in solution at pH values lower than the pKa of bori~ acid (~9.3). Bingham 
believes that the observed maximum boron adsorption near pH 9 results ' 
from an increase in the number of available sorption sites with increas-
ing pH. He cites- the sharp decrease in boron adsorption which occurs 
above a pH value of 10 as evidence for the poor sorption of borate anion. 
Active adsorption sites are thought to be associated with broken Si-O 
and A1-0 bonds exposed at edges of a1uminosi1icate minerals and also with 
surfaces of amorphous hydroxide materials present in weathered soils, 
and hydroxyy aluminum and iron compounds. Adsorption has been observed 
with a number of different soils and clays, but is especially pronounced 
with illite and amOrphOuI soils derived from volcanic ash. Sorption 
increases with ionic strength, and adsorption maxima calculated with 
the Langmuir adsorption equation vary from 10-100 ~g boron pet gram of 
soil. The previous investigations were not conducted specifically to 
determine the role of adsorption in removing boron from natural waters, 
and the concentrations used were orders of magnitude greater than those 
normally- encountered in natural waters. Nevertheless, the results 
indicate that clay adsorption is involved in boron removal and could be 
i~portant in regions rich in certain minerals. 

Christman and Ghassemi (1966) found evidence of interactions between 
boric acid and organic color in natural waters during an investigation 
of the nature of organic color. While attempting to determine the 
molecular size distribution of organic color components using gel permeation 
chromatography, they observed an apparent increase in the molecular size 
of the organic color eluted from the gel column with a borate buffer, 
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compared to the same color sample eluted with phosphate buffer. A 
brief investigation with different pH borate buffers containing varying 
concentrations of boron revealed that the amoUnt by which the color 
elution peak was shifted toward higher molecular sizes was directly 
related to the concentration of boron in the eluant • 
.. 

C I ~JlJ.. YTI CAL METHODS FOR BoRON 

The meager amount of literature available on boron in the aquatic 
environment has been at least partly due to the lack of a simple, 
accurate, and reproducible method for analysis at the parts-per-billion 
level--the level typically encountered in natural waters. A number of 
methods, including atomic emission spectroscopy, colorimetric methods, 
and potentiometric titrations yield accurate results for "clean" 
solutions containing greater than 1 mg/l. However, if concentrations 
are lower than 1 mg/l, or if certain other species are present in 
solution, elaborate and time-consuming concentration and extraction pro
cedures must be employed prior to using these methods for boron analysis. 
Thus, there has been a need for an analysis method for boron that is 
simple, fast, accurate, and free from interferences. 

In recent years a number of workers have engaged this problem, 
refining earlier methods and utilizing new te1i::Mi([1IlJ.es,. The most 
successful techniques have been use of a hollow ,c~t:h.C!lde source for atomic 
emission spectroscopy (Daughtry and Harrison 1973), an ion-selective 
electrode sensitive to the tetrafluoroborate ion (Carlson and Paul 1968), 
a molecular fluorescence technique (Afghan et al. 1972), and modii:ffi.iaatti:blIs 
of the cur cumin colorimetric method (A.P.H.~ 1971) by use of acid 
anhydrides to e~iminate water from the reaction medium (Crawley 1964; 
Pakalans 1969; Uppstrom 1968). 

The technique developed by Daughtry and Harrison (1973) utilizes 
a commercially available hollow cathode lamp with a demountable cathode 
as a source for atomic emission spectroscopy. In the procedure the 
iron or copper cathode is removed from the lamp and sample aliquots are 
i,ntroduced into the cathode cavity. The sample is dried under an 
infrared lamp, and the procedure repeated' until an adequate amount of 
boron is in the cathode. The cathode is then replaced in the lamp, a 
suitable vacuum is established, and a current adequate to quickly atomize 
and excite the boron deposited on the cathode is passed through the 
lamp. The resulting emission signal is directed into a conventional 
detector properly adjusted to the maximum emission line of boron, and 
the intensity of the signal is plotted versus time. The method has 
several advantages. It is virtually free of interferences and requires 
very small sample volumes. No sample preparation is required, and the 
detection limit is low. However, there are some disadvantages. The 
method is not readily amenable to automation or ttO) e..i1!nd:t1aJlr~:bl$S 
analyses of several samples. Each sample must be analyzed individually, 
and the time required per sample prohibits routine analysis of large 
numbers of samples. 
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The ion-selective electrode procedure developed by Carlson and Paul 
(1968) has the advantage that the instrumentation required is. found in 
nearly every la'[)oratory, the only added expense being for the electrode. 
However, nitrate ion interferes· strongly with the electrode response, 
necessitating a separation step. Carlson and Paul combined the separa
tion of boron from nitrate and the conversion from boric acid to tetra
fluoroborate ion by passing the sample through a boron-specific ion
exchange column, then reacting the boric acid with 10% HF before elution 
from the column. This procedure works well, but is time-consuming, 
especially for low levels of boron~ 

Afghan et al. (1972) developed an automated fluorometric method for 
analysis of boron based on its reaction with 4'-chloro-2-hydroxy-4-
methoxyb.en~o~heno.ne (ClIMB) in 90% sulfuric acid. The only interference 
with the method is background fluorescence from dissolved organic matter 
in sewage effluents, polluted streams, and naturally colored waters. 
This interference was eliminated by adding hydrogen peroxide to the 
samples and photooxidizing with a 550 watt UV lamp prior to development 
of the boron fluorescence reaction. The method is reported to have a 
detection limit of 1 ~g/l, and a working range of 1-400 ~g/l. 

A variety of colorimetric methods have been employed for analysis 
of boron, but by far the most widely accepted me1!:tl:0x$· have been the 
carminic acid and cur cumin methods recommended by Standard Methods (A. 
P.H.A. 1971). The carminic acid method has a detection limit of about 
1 mg/l, making it of questionable utility in analyzing natural water 
samples. Under the proper conditions cur cumin forms one Q~ two highly 
colored red complexes with boron: rubrocurcumin, formed in a reaction 
between curcumin, oxalic acid, and boric acid; and rosocyanin, a more 
intensely colored complex formed in a strongly aicidl:i!e-,. virtually water
free medium. The structures of the two products are depicted in 
Figure 2-1. Because of its higher absorptivity and its greater sta
bility toward hydrolysis, rosocyanin is preferred over rUblJOOlllrouminlas 
a chromophore for boron. However, formation of either complex is 
drastically inhibited by trace quantities of water in the reaction 
medium. Thus, any procedure utilizing curcumin for analysis of boron 
in aqueous samples must include a step for removal of water. The 
Standard Methods procedure method (A.P.H.A. 1971) recommends addition 
of the color-forming reagents, followed by evaporation to dryness on 
a water bath maintained at 50°C to 55 Q C -- a time-consuming procedure 
and one which introduces several possible sources of error. 

Recognizing the limitations of such a procedure, several workers 
have devised alternate procedures for removal of water. The most 
successful of these have involved reactions between acid anhydrides 
and water to eliminate water from the medium. Crawley (1964) was the 
first to report such a procedure, using acetic anhydride and a few 
drops of HCl to catalyze the dehydration reaction. Since the reaction 
is highly exothermic, he diluted the reactants with acetic acid, and 
h~ carried out the reaction in platinum dishes floating on a water bath 
at 40°C. In a later paper Pakalans (1969) also used acetic anhydride, 
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but found that adding the anhydride in two aliquots and allowing the 
mixture to cool between additions resulted in better control of the 
maximum temperature attained. Since the propioni~ anhydride-:water 
reaction is somewhat slower and less exothermic, Uppstrom (1968) 
developed a method using this reagent to eliminateewater, catalyzing 
the reaction with oxalyl chloride. Using propionic anhydride he 
observed a maximum temperature of about 70°C, compared to about 90°C 
with acetic anhydride, used as described by Crawley. 

Follm'lring color development, the absorbance of the rosocyanin is 
meas,ured ina spectrophotometer at 545 run. However, the unreacted 
excess curcumin, which exists in a purple-colored protonated complex in 
the strongly acidic medium, must be converted to a non-interfering 
form prior to measurement. The simplest way to achieve this is to 
adjust the acidity of the medium so that the curcumin reverts to a 
y€llow form stable in less acidic solutions. Crawley accomplished 
this by diluting the medium to 100 ml with ethanol just prior to 
measurement, while Pakalans used a 1:1 acetone:water mixture, diluting 
to the same volume. Uppstrom found that an ace·tate buffer was more 
efficient, requiring dilution to only 50 ml to sufficiently lower the 
acidity, with a consequent increase in the sensitivity of the method. 
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CHAPTER 3 I EXPERlrvENT AL DESHJt JWD PROCEDURES FOR BORON 

A. AREAS OF INVESTIGATION 

A comprehensive study of the occurrence and distribution of any 
element in the aquatic environment requires investigation of natural 
and cultural sources of the element to surface and groundwaters, 
determination of background levels in waters m-mmaiIJL.yJ affected by 
man, evaluation of chemical and biological reactions which control its 
distribution, and determination of the ultimate fate of quantities of 
the element added to natural water bodies as cdndustria1 wastes, domestic 
sewage, and other forms. 

In this research samples were collected from natural waters through
out Florida to determine natural background levels and cultural sources 
of boron •. \ Levels in groundwater and surface waters were 
examined by analyzing "grab" samples collected throughout the state from 
springs, lakes, rivers, streams, and wells supplying municipal water 
systems. Several samples for boron were collected from locations 
previously sampled by Odum and Parrish (1954) to determine the impact 
of urbanization on boron levels in surface waters. In order to avoid 
duplication of effort, samples were not collected in regions for which 
sufficient data had already been accumulated by the U.S.G.S. Several 
drainage basins were selected for more intensive sampling to locate 
major points of boron addition to the system and to o~serve 
if there were sigtiif:i.cant concentnition differences in streams draini~g 
urban and rural areas, or in streams draining different areas of the 
state. 

Since domestic sewage has been cited as a major source of boron, 
several sewage treatment plant effluents were sampled to determine 
levels of boron in sewage and to compare with average boron levels in 
municipal water supplies. Land disposal of treated sewage effluents 
as irrigation waters has been proposed as part of a solution to the 
culturally accelerated eutrophication of lakes and streams. In view 
of the toxicity of boron to citrus crops and the potential damage 
that land disposal might cause to citrus groves, one of the drainage 

basdlll"Si selected for intensive sampling was the Ok1awaha River drainage 
basin, originating in the center of a large citrus-producing area. In 
conjunction with this study several small citrus grove ponds were 
sampled to further assess the current situaUion. 

Laboratory studies of boron adsorption onto clays and of boron 
distribution in a series of model aquatic eeosystems were conducted to 
determine the role of clay adsorption as a boron sink in the environ
ment and to determine the fate of boron added to natural waters. The 
clay adsorption studies were conducted using attapu1gite and kaolinite, 
representative clay minerals distributed through much of peninsular 
Florida. For the clay studies, 500 mg of clay was added to each of 
three series of acid-washed Erlenmeyer flasks, followed by 250 m1 of 
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solution containing 0, 100, 400, oX' 1000}.lg/1 of boron as boric acid. 
One series received no further additions, while the remaining two 
received 1~1 and 2-ml aliquots of 0.05 M NaOH solution. The flasks 
were sealed, and the clays maintained in suspension for 24 hours by 
stirring with magnetic stirrers. At that point, 10-m1 a1iquots of 
each were centrifuged, and the resulting supernatant liquids analyzed. 

The model ecosystems consisted of 2.5-gal. (91.) p1exig1ass aquaria 
filled with 61. of a synthetic river water (Freeman 1953) enriched five
fold in nitrate and phosphate, and stocked with one snail (He1isoma 
trivo1vis), three fisH (Gambusia affinis), and four species of aquatic 
plants: duckweed (Lemnaminor),f1oating heart (Nymphoides aquaticum), 
pennywort (Hydrocoty1eumbe11ata), and coontai1 (Ceratophy11um demersum) 
in each aquarium. The fish used in the study were acclimated to the 
synthetic river water for 10 days in a larger aquarium prior to 
stocking the test aquaria. Seven model ecosystems used in the study 
were dosed with boron concentrations ranging from 0 to 50 mg/1. The 
fish and snails were removed and analyzed after 10 days exposure, and 
the aquatic plants were analyzed when the experiment was terminated 
after thirty days. 

Because of the chemical similarities between glycols and other 
po1yhydroxy compounds, such as sugars, with which boric acid is known 
to react, and structures proposed for organic color in natural waters 
(Black and Christman 1963; Christman and Ghassemi 1966), a;esari;;es)l:of 
investigations was directed toward examining possible interactions between 
boron and organic color and the influence of these interactions on 
boron sorption. 

In one investigation, water from a highly colored, oligotrophic 
lake (Lake Mize, Alachua Co.) was freeze-concentrated to approximately 
1/16 its original volume and divided into two portions. One portion 
was spiked with 32 mg/1 boron as boric acid (equivalent to 2 mg/1 boron 
in the original lake water) and both portions were refrigerated. After 
allowing one week for reaction to take place, gel permeation chromato
graphy was performed on both fractions using Sephadex G-50 (Pharmacia 
Fine Chemicals, Inc.) fine porosity gel in a 2.5-cm. X 60-cm. column. 
Elution patterns were determined for spiked and unspiked color concen
trate for each of the following solvent systems: 

1) o . 1 M 1<2. HP04 buffer, adjusted to pH 8.0 with HC1; 

2) 0.1 M B(OH)3 buffer, adjusted to pH 8.0 with NaOH; 

3) distilled, deionized water. 

The column eluant was collected in 10-m1. fractions with a Gilson 
Automatic Fraction Collector and the collected fractions were analyzed 
for color. Because of the large number of fractions, only selected 
fractions were analyzed for boron. 
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In another investigation 100-ml a.l:tquots of water samples from two 
oligotrophic lakes, one highly colored (Lake Mize, Alachua Co.) and one 
relatively uncolored (Lake Magnolia, Clay Co.), were added to l2S-ml 
flasks containing 0.2 g. attapulgite clay (Diluex, The Floridan Co.). 
Half of the flasks were-spiked wicth 1 mg/l boron, and the pH's were 
adjusted to either pH 4.S or pH 9.0 so that each lake water was 
investigated with and without added boron at both pH values. The 
flasks were sealed and agitated on a mechanical shaker. At the end of 
four days they were removed from the shaker, allowed to settle, and 
the supernatants were analyzed for boron. 

B I ANAL YTI CAL METHODS 

A prerequisite for investigation of any chemical or class of 
chemicals is the availability of a method of analysis sufficiently 
sensitive, specific, and accurate for the purposes of the investigation. 
From the previous discussion on analytical methods for boron, several 
methods would appear to be suitable for determination of low levels of 
boron in natural waters: the tetrafluoroborate-selective electrode of 
Carlson and Paul (1968), the hollow cathode atomic emission procedure 
of Daughtry and Harrison (1973), the fluorometric method of Afghan et al. 
(1972), and variations .. ..of the curcumin colorimetric method (Crawley, 
1964; Pakalans, 1969; Uppstrom, 1968). Each has advantages and 
disadvantages, but any of these might be used for such an investigation. 
However, applying the additional criteria that the method must be fast 
and easily applicable to analysis of large numbers of samples eliminates 
the ion-selective electrode and atomic emission procedures, leaving the 
choice between the fluorometric and colorimetric methods. Of these, 
the colorimetric method was selected for this research for several 
reasons. A simple, accurate colorimetric method based on cur cumin 
would likely find wider use than the fluorometric method since reagents 
are more readily available and the required instrumentation is found 
in more laboratories. Also, since most of the information available in 
the literature has been based on analyses using curcumin, the use of a 
similar method in this study reduces the possibility of differences in 
analytical methods complicating comparison of results. 

In choosing among the variations of the curcumin method, the 
procedures employing acid anhydrides for water removal have the advantages 
of requiring less time and allowing the color-forming reaction to proceed 
in a completely liquid and homogeneous medium. Also, methods using an 
acetate buffer to convert the unreacted cur cumin to a non-interfering 
form have the advantage of lower detection limits due to the smaller final 
volume of s.olution. In view, of· this, the method developed by Uppstrom, 
using propionic anhy·dride and an ammonium acetate buffer, might appear 
to be the logical choice. However, the large difference in cost of 
propionic anhydride and oxalyl chloride versus acetic anhydride and HCl 
would significantly increase the costs of analyzing large numbers of 
samples-. With these considerations in mind, the following procedure 
was developed in an effort to combine the advantages of the methods of 
Crawley, Pakalans, and Uppstrom, while minimizing reagent costs. 
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Concentrated HC1, Reagent Grade 

Glacial Acetic AcidaAcetic Anhydride, 4:5 (v/v), . 
Reagent Grades 

. Glacial Acetic Acid.Sulfuric Acid, 1:1 (V jv). 
Reagent Grades 

Curcumin, 0.125% in Glacial Acetic Acid 

Buffer Solution, prepared as follows, 

D:lssolve 180 g reagent grade ar.lmoniuID acetatoin 
d1stilled, deionized water. 
Add J5 ml acetic acid, and mix. 
Add 100 ml ettanol, and mix. 
Dilute to 1 liter with distilled, deionized water. 
Fll ter through O~45 lJ. PVC fll ter. 

2 ml sample 
J'drops Hel 
9 ml acetic acid:anhydr1de reagent 

5 ml acetic anhydride . 

5 ml ct~cumin solution 
8 ml acetic acidlsulfuric acid reagent 

40'ml ammonium acetate buffer 

The ,;first three items are added to a plastic beaker and mixed. 
After a minute or two, a reaction is observed which continues for about 
's minutes. Twenty minutes is allowed for the reaction to subside and 
the contents of the beaker to cool; then the remainder of the anhydride 
is added and 15 minutes is allowed for reaction. The cur cumin and the 
ad.d mixture are then added, mixing well after each addition. The 
resulting solution is covered and allowed two hours for color develop
ment. Finally, 40 ml of the buffer is added and the absorbance is read 
in a spectrophotometer at 545 nm. Samples should be run in duplicate, 
and standards should be run with each batch of samples. 

Using 4-cm absorbance cells and a Beckman Model DB spectrophotometer 
for color measurement the observed working range for this procedure is 
O~250 ~g/l. The detection limit is <10 ~g/l, and the standard deviation, 
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based on five replicate analyses of a solution containing 40 llg/l boron, 
is + 8 ]lg/l. The working rangeinay be extended upward by uS,e of shorter 
absorbance cells, smaller aliquots- of sample,' or dilution of more 
concentrated -samples. Interferences' are the same as for other cur cumin 
methods CA.P~H~A~ 1971), ~ith the exception that since the final solution 
is aqueous instead of alcoholic, the interference of turbidity in the 
final solution due to CaCO g precipitation is a rare occurrence, even 
with biological samples such as snails. Using this procedure one worker 
can conveniently run analyses of up to 40 samples (or 20 samples in 
duplIcate) simultaneously. 

-. . . _. 

C. CoLLECTION AND TREATMENT OF SAMPLES 

Stream samples were collected at major points of access, usually 
by lowering a weighted polyethylene bottle from a highway bridge or 
culvert into flowing water at mid~stream. In' a few instances samples 
were taken from docks along the river bank, or by wading into the water 
as far as possible and casting the sampler into the flow. Most lake 
samples were collected from docks, though a few were collected by 
wading into the lake, and some were collected from boats. Since most 
Florida lakes are rather shallow, the waters of small lakes and ponds 
usually are well~mixed. Therefore, as long as care is taken to avoid 
sampling near points of discharge of streams or drainage ditches into 
the lake, a single sample should be fairly representative of the water 
in the lake as a whole for the lower size range of lakes sampled. As 
the sizes of the lakes increase there is more likelihood of spatial 
variation in distribution due to less complete mixing, and thus 
lower probability that samples collected at a single point are represent
ative of the entire lake. 

Rainfall samplers for boron were constructed by fitting polyethylene 
funnels to polyethylene bottles and covering the tops of the funnels with 
fine-mesh nylon screen to deny insects addess to the collected rainwater. 
Twelve y " samplers thus constructed were attached to posts located at 
approximately lO~mile intervals along a route from Cedar Key to Crescent 
Beach, Florida. Collection sites were chosen in open areas far enough 
away from the road to minimize contamination b~ dust raised by traffic. 
Samples were collected over the entire route at weekly intervals during 
September and October, 1973, and from Cedar Key to Gainesville during 
April, 1974. 

After collection, all samples were acidified with a small amount of 
sulfuric acid to minimize adsorption onto the walls of the polyethylene 
bottles in which they were stored until analysis. All samples were 
analyzed promptly after collection, usually- within 72 hours. Fish, snail, 
and plant samples from the model 'ecosystems study were rinsed thoroughly, 
dr:i::ed to constant weight at 105"'C, and then ashed at 470°C, ~{jr n~nhours. 

®~e-milliliter of 0.1% Ca(OH)2 solution was added to each of the fish 
samples to insure basic conditions and prevent loss of boron during ashing. 
After ashing, boron was .extnlc'b:eil from the residue with 2 N H2S0lj., and 
the resulting solutions analyzed in the same manner as the water samples. 
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CHAPTER 4 i BORON IN FLORIDA ~1ATERS: RESULTS ftND DISCUSSION 
.. _ ... 

AI BoRON IN RAINFALL 

The results of boron analyses performed on weekly rainfall samples 
collected during Septemoer and October, 1973, and April, 1974, are 
presented in Table 4-1, and Figure 4-1 shows the relationship between 
Doron concentration in rainfall and distance from the coast. 

't"~ W. .... 0_11 nt:~_i .. :fa ..... 11 

Distance Clem} Boron {!±f:L12 
September and 

~~ to Atlantic to Gulf 9::tober. 122:1 ~i1, 1974 

1 195 0.2 90 
2 180 7.5 36 77 
3 150 27 • .5 33 36 
4 130. 1+5 37 29 
5 113 65 15 14 
6 107 70 29 
7 91 80 43 
8 57 105 24 
9 50 120 27 

10 30 135 30 
11 11 155 29 
12 0.2 166 79 

The maximum concentration observed was 92 'Ilg/1 in one sample collected 
at Crescent Beach, and the minimum was 12 ~g/l in several samples collected 
at Station 5 in Gainesville. These results support the supposition of Boyd 
and Walley (1972) that there is a gradient of atmospheric boron concentra
tion versus distance from the ocean. The results also indicate a signi
ficant input from sea spray ?eroso1s to boron levels in fresh waters, 
contrary to the conclusion of Nishimura et a1. (1970) that the ocean is 
a sink, rather than a source of atmospheric boron. The values for sites 
near the coast are in general agreement with coastal values reported for 
Calcutta, India and Kiriu, Japan (Table 1-3), and the values for Gainesville 
ratnfall found here are similar to those reported earlier by Odum and 
Parrish (1954). Boyd and Walley (1972) reported lower boron concentra
tions· in rainfall collected at sites more remote from the coast. 

- ... - .. - . .. -' 

B. BoRON IN MuNICIPAL WATERS AND SEWAGE 

~~p~~§ of raw and treated water from 18 Florida municipalities were 
collected by mail through the cooperation 0f treatment plant operators. 
Results of analyses of these samples are reported in Table 4-2. 
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Table 4~2. Eo ron Concentrat~ona in Municipal Water Supplies. 

Citl 

.Port Charlotte (#1 Plant) 
Port Charlotte (#2 Plant) 
North Port Charlotte 
St. Petersburg 
West Palm Beach 
Ocala' 
Ft. Lauderdale 
Pensacola 
Melbourne 
Bradenton 
Lake City 
Jacksonville 
Daytona. Beach 
Lakeland 
Tallahassee 
Orlando 
Sebring 
Miami 

Raw 
Boron 

Water. 
84-
46 
49 
43 

"51 
47 
~3 
25 
41 
30 
33 
48 
21 
35 
29 
41 
25 
87 

Treated Water 
-- 53-' 

43 
39 
36 
51 
43 
33 
29 
40 
32 
36 
35 
24 
25 
29 
50 
33 
99· 

Boron concentrations~in the raw waters ranged from 21-87 llg/l, 
with a mean of 43 llg/l. Concentrations in the treated waters ranged 
from 24 to 99 llg/l, with a mean of 41 llg/l. These results indicate 
minimal, if any, boron removal by the water treatment processes used 
by these municipalities. This is in agreement with Waggott (1969), 
who observed little or no boron removal by treatment of sewage effluent 
with lime, alum or ferric sulfate. 

Boron levels in treated sewage effluent from the activated sludge 
plant at the Gainesville, Florida, sewage treatment plant during the 
week of November 19-26, 1973, are depicted in Figure 4-2, and Figure 
4-3 shows boron levels in both raw sewage and treated effluent for the 
trickling filter units at the same plant during the period June 14-18, 
1974. Concentrations fluctuated within the 300-600 llg/l range during 
th~ November, 1973, sampling period and within the 100-500 llg/l range 
during the June, 1974 sampling period, with no recognizable daily 
t:t:'ends during either peri'od. Concentrations in sewage effluent 
varied over a narrower range than those· in raw sewage during the June, 
1974, sampling period, reflectingmixtng and hence leveling of varia
hility by the treatment processes' •. Desl"ite the apparent buffering action, 
the results indicate little or no removal of boron by conventional 
sewage treatment processes, in agreement with Waggott (1969). These 
results are summarized in Table 4-3 along with grab sample data for a 
smaller Gainesville plant treating residential wastes, and results for 
sewage effluents from several other Florida municipalities. 
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Gainesville 
Main Treatment Plant: Activated Sludge Effluent 

Trickling Filter Influent 
Trickling Filter Effluent 

Northwood. Treatment Plant: A/S Clarifier Effluent 
Polisbigg Pond Effluent 

Leesburg 
Mount Dora 
Winter Ga:r4en 
BuBtis 

334-567 
64-600 

156-364 
767 
827 
268 
816 
)68 
80.5 

CCIII!IIIP_1- lidO, U. 1U:et'at:1!J:1!'@ "a1~ ("~le !-2) ~al5 t'tlat ~~ro1'l 
concentrations in Florida sewage are generally typical, with levels 
approaching or exceeding the threshold for toxicity to citrus and other 
fruit trees. 

c. BoRON IN FLORIDA SURFACE WATERS AND SPRINGS 

The results of analyses on 120 water samples from lakes, ponds, 
springs, and streams in central and north-central Florida are presented 
as a histogram in Figure 4-4. A large majority of the samples (80%) 
contained boron in the range 10-60 ~g/l. Only three samples contained 
more than 100 ~g/l, and the sampling points for each of these were 
downstream from sewage treatment plants which contributed significant 
portions of the total.stream flows. The median concentration for the 
120 samples was 41.5 ~g/l. These results are similar to those of Boyd 
and Walley (1972) for a larger area encompassing the southeastern U.S., 
but somewhat higher than the values reported by Odum and Parrish (1954) 
for several sites in Florida. The higher values found in this research 
probably reflect increased cultural influence on many water bodies in 
the twenty years since their work was published. Results for each of 
the sites are presented in Tables 4-4 to 4-6 and in the following 
section on boron distribution in selected watersheds. 

Boron concentrations in fourteen springs are listed in Table 4-4. 
The range observed was 19-90 ~g/l, with a median of 39 ~g/l. Odum and 
Parrish (1954) found 55 l\l.g/l in Ponce de Leon Springs, compared to the 
46 l\lg/l reported here. 

The results of boron analyses for 51 lakes and ponds are shown 
in Table 4-5, and the frequency distribution histogram for these results 
is depicted in Figure 4-5. In.this group of samples the range was 
12-89 l\lg/l, the median was 46 l\lg/l, and mean was 45.5 l\lg!l. Odum and 
Parrish (1954) sampled two of these lakes, reporting 12 l\lg/l in Newnans 
Lake and 17 l\lg/l in .Lake Lochloosa. These values compare favorably 
with the 12 and 21 ~g/l concentrations observed for the same lakes in 
this study. A sub-group of 10 citrus gro:v:e lakes and ponds in central 
Florida had a mean boron content of 46.3 l\lg/l. 
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Table 4-4. Boron Concentrations in Flor;i..da Springs 

Location . Boron . (pg/l) 

Alexander Springs, Ocala National Forest 
Juniper Springs, Ocala National Forest 
Ponce de Leon. "Springs, Volusia Co. 
Fort" Green Springs, Hardee Co. 
Glen Springs, Gainesville 
Unnamed spring tributary to Hogtown Creek, 

Gainesville 
Springs draining into Devil's Millhopper, 

Gainesville 
//1 
//2 
113 
114 
115 
Magnolia Springs, Alachua Co. 
Ichnetucknee Springs, Columbia Co. 
Blue Springs, Gilchrist Co. 

40 
20 
46 
19 
19 
33 

37 
46 
45 
38 
38 
83 
90 
70 

Results for eight of the 58 stream samples collected are presented 
in Table 4-6. The remainder of the results for individual stream samples 
are included in the following section on selected drainage basins. 

Location B9ron i~gLl) 

Hatchet Creek at.S.R. 24-, Gainesv1.11c 
Hogtown Creek at S.R. 26, Gainesville 
Creek Qraining into Devil' s Millhopper, 

Gainesville· 
Santa Fe River at U.S. 301, Alachua. Co. 
Palatlakaha Creek, Lake Co. 
otter Creek .at S.R. ·24-, Levy Co. 
Hillsborough River at S.R. 39, Pasco Co. 
Blackwater Creek at S.R. 39, Pasco Co. 

22 
33 
53 

27 
46 
19 
40 
29 

Boron concentrations encountered for all. stream samp~les· vad:.ect 'trom ahciut 
4 }..gIl to 236 llgll, with a median of 31 II gil. The Hatchet and Hogtown 
Creek sites were sampled by Odum and Parrish (1954), who found 13 and 12 
llgll, respectively, at those sites, compared with 22 and 33 llgll in this 
research. This increase is probably partly due to increased urbaniza
tion of the surrounding area, but may also reflect other factors such 
as seasonal variat:I:.Ons in rainfall. The frequency distribution histogram 
for boron concentrations in Flor:i;da streams is presented in Figure 4-6. 
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Lake Altho, Alachua Co. 
Lake Mize, Alachua Co.·· 
Lake Wauberg, Alachua Co. 
Lake Santa Fe, Alachua Co. 
Helrose Bay, Alachua Co. 
Lj.ttle Lake Santa f.'e J Alachua Co. 
Hawthorne Lake, Alac.hua Co ~ . 
Newnal1s Lake, Alachua Co. 
Lake Lochloosa, Alachua Co. 
Or:-a.nge Lake, Alachua C 6 • 
Little Orange Lake, Alachua Co. 
Lake Kanapaha, Alachua Co. 
Cowpen Lake, PutDr'J.1il Co. 
Swan LaIce, }1l~tn.am Co. 
Rodman Reservoir, Putnam Co. 
Crescent lake, Putnam Co. 
Lake Dorr, Ocala lia tiona.l Forest 
Lake Kerr, Ocala National Forest 
Lake Hampton, Bradford Co. 
Lake Sampson, Bradford Co. 
Klngsley Lake, Clay Co. 
Lake Geneva I Clay Co. 
Lake Hagnolia, Clay Co. 
Lake Brooklyn, Clay Co. 
Lake Weir, Harion Co. 
Weir Bay, l'mrion Co. 
Lake Poinsett, Brevard Co. 
llake Pickett, Orange Co. 
Lake Apopka, Orange Co. 
Lake Jessup, Seminole Co. 
Lake}lonroe, Seminole Co. 
Lake Tohopeka1iga, oSceola Co. 
East Lake Toho:pekaliga, Osceola Co. 
Alligator Lake, Osceola Co. 
Lake Dora, Lab~ Co. 
Lake Harris, Lake Co. 
Little Lake Harris, Lake Co. 
Lake Eustis, Lake Co. 
Lake Griffin, Lake Co. 
Lake}Iinne01a, Lake Co. 
Lake Minnehaha, Lake Co. 
Unnamed Citrus Grove Ponds, Lake Co. 
#1 
#2 
#3 
#4 
#5 
#6 
#7 
#8 
#9 
#10 

Boron .ill.eLJ.l 
23 
38 
26 
24 
22 
)0 
70 
12 
21 
30 
ll} 
28 
51 
45 
51 
h8 
32 
52 
39 
30 
43 
38 
20 
35 
68 
76 
48 
57 
40 
B9 
83 
68 
83 
85 
47 
52 
31 
53 
45 
51 
57 

4i 
51 
49 
55 
30 
46 
52 
52 
36 
51 
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D. BoRON DISTR1l3UTION IN SEL.ECTfJ) DRAINAGE BASINS 

ll:ogtown Creek 

;Eltgure 4-7 shows boron concentrati.ons in the Hogtown Creek drainage 
bastn d.n December 18, 1973. This stream is the principal means of 
drainage for much of Gainesville, and consists of two branches. The 
eastern branch drains a combination of industrial, residential, and 
busi,nessareas, whtle the western branch receives mainly residential 
drainage. The most prominent feature of the data is the impact of the 
Northwood sewage treatment plant effluent on boron levels in Possum 
Branch, the western branch of the creek. Just upstream from the treat
ment plant the boron concentration in Possum Branch is 24 ~g/l. Disposal 
of effluent containing about 800 ~g/l raises the level to 232 ~g/l just 
downstream from the plant. However, the concentration decreases rapidly 
further downstream from the plant, probably as a result of dilution by 
groundwater entering the ,stream bed and tributaries' feeding the main stream. 
Some boron may be sorbed directly onto the sediments and clays or may 
react with organic color to produce complexes which may be sorbed, but 
these losses are probably small. In general, in this drainage basin, as 
in the others investigated, the trend is for the highest boron concentra
tions to occur in the upper reaches of the stream and gradually decrease 
further downstream, except where major points of addition of boron occur. 
Boyd and Walley (1972) observed a similar trend, and attributed it to the 
greater effect that local variations in geology have on small streams as 
opposed to the buffering action of larger streams on these effects. 

River Systems of Sout~estern CentraZ FZorida 

Figure 4-8 shows the major streams draining the southwestern area-of 
Central Florida and the boron levels observed in them in October, 1973. 
Boron concentrations in these streams generally were between 10 and 35 
~g/l, with an occasional sample being slightly higher or lower. These 
'Values are comparable to those observed in the Hogtown Creek drainage 
basin. Based on the results for boron concentrations in rainfall, these 
values seem slightly low given the proximity of the region to the Gulf 
Coast. However, the samples were taken during the dry season and thus 
are probably more representative of boron concentrations in the base 
flow than in surface drainage. In addition, the upper reaches of the 
streams drain land 30-60 km from the coast, further reducing the contri
bution of marine-derived rainfall to boron in these streams. 

St. Johns RiVer 

The St. Johns is unique among the streams investigated in that it flows 
parallel to the coastline only a short distance from the ocean during its 
entire course. Because of the higher concentration of boron in rainfall, 
higher levels Elf boron were expected in the St. Johns than in st'l'eams 
further inland, and the values show in Figure 4-9 tend to support this 
expectation, with concentrations generally in th~ range of 70-90~g/1. 
Noteworthy' is· the high boron concentration (154 ~g/l) south of Lake Harney, 
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'Jr;i:gure 4-7. Boron Concent:rat:i:ons in the Hogto'WIl Creek 
Drainage Basin--Decemher18, 1973 
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Figure 4-8. Boron Concentrations in the River Sys:tems of 
Southwestern Central F1orida-':'Octoher, 1973 
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;Lm,medi'ate1y downstream from the point Where the Econ10ckhatchee River 
empttes into the St. Johns. The Eccrmlockhatchee River receives' a 
large part of the sewage effluent from Orlando, and apparently has high 
boron levels though it was not sampled directly. Thus the high concen
tration in the St. Johns at this sampling point is probably due to the 
sewage effluent in the Econ10ckhatchee. 

()k~a:i.J)aha River 

The boron concentrations in the Ok1awaha River basin fall between 
those ;Ln the st. Johns· and those in the Hogtown Creek and the Southwest
Central Florida river systems as seen in Figure 4-10. Concentrations' 
ranged from 50 to 60 ]1g/1 in the region of the Ok1awaha chain of lakes 
and decreased further downstream to a concentration of 42 ]1g/1·just 
upstream from the Rodman Re/:!ervoir. Through the reservoir the level 
increased to a value of 51 ]1g/l at the spillway of the dam at the north 
end. Sewage effluent, which enters the system at Winter Garden, Mount 
Dora, Eustis, and Leesburg, raises the boron levels in the chain of lakes 
region. Drainage water from the muck farms at the north end of Lake 
Apopka may also contribute to the high levels. The increase through the 
Rodman Reservoir may be due to decay of organic matter or leaching of 
boron from the recently inundated soil. 

-.. ,. ._. 

E. !bRON DISTRIBUTION IN MonEL AQUATIC ECOSYSTEMS 

Results of boron analyses on the fish, snails, and aquatic plants used 
in the miniature aquatic ecosystems are presented in Table 4-7. No data 
are presented for the boron content of three of the plant species in the 
system containing 0.5 mg/l boron because of their consumption by numerous 
small snails inadvertantly included in the system. Fish in the systems 
with 0.5 and 5.0 mg/l boron developed disease symptoms(apparent1y unrelated 
to boron)after a few days and were removed and not analyzed. 

The results indicate pronounced differences between different species 
of plants both in typical levels and in rates of uptake of boron. All 
plants used in the study were collected from one location, growing in close 
proximity to each other, yet the initial boron levels ranged from 30 ppm 
to 525 ppm on a dry weight basis, depending on the species. Efforts to 
linearize the data were unproductive. Plots of boron content of plants 
versus solution concentration, and reciprocal Lineweaver-Burk plots were 
non-linear. The most useful graphical presentation of the results was a 
plot of boron content of plants versus the logarithm of solution concentra
tion, depicted in Figure 4-11. From this figure it appears that the 
rate of boron uptake remains relatively constant up to a concentration of 
about 1 mg/l boron ih solution. Above this concentration the rate of 
uptake increases, up to the limit of toxicity of boron to the particular 
species. 

Toxic effects were observed for three of the four species of plants 
used in this study. 'Hydrocoty1e contained the lowest levels of boron 
and appeared 1eas,t resistant to high boron concentrations, with leaf 

33 



10 mi. 

Fipr. ~18. hra C ••• !ltrati-. i;a tM Gill.,... tiver 
ka:i!lage laei"'-P.t'\HI.ry, lt74 

34 





,...., 
4-1. 
~,2'+OO 500 

'.-1 

~ 
>-. 
1-1.'" 'i:t1,~o.Oo. 500 

[ 
p., 

'-" 

cJ 
Dl,,200 300 

~i 
0'1 
~, 

s:I', 
'.-1 800 200. 

§ 
H 
o 
~ '+0. 0: LO.Q 

:r" m 

o.}l:4 

log 
-OiS 1.'0 ~ H 

I 
I 

I 

I 
I 

Boron-Concentration-in gu~ution (mg/1) 

I 

I 
I 

1 

I 

I 
I 

I 
I 

I 

I 
I 

I 

.. 

Figure 4-11. Boron Content of Four Species of Aquatic Plants After 30 days' 
Exposure to Varying Solution Concentrations of Boron Versus 
log (Solution Concentration) 



spott;i;ng and yellow-irig observed ion systems containing more than 1 lug/l 
boron. The specimen in_ the system containing-:SO--mg/l died, apparently 
as a result of Doron tOO{icity-. SpeCimens of Lemria exhibited yellowed 
leaflets8l1d reduced-g:r:owth in systemS- containing more than 5 mg/l boron. 
~ymphoides:andCetatophtllum appeared more tolerant of high boron concen
trations. Neither exhibited leaf.,...yellowing or reduced growth, but the 
NY'mphoides spedmens in the system ftnlllAining 50 mg/l did show pronounced 
curling of new leaves. No toxic effects were observed for eithetGaniDusia 
(mosquito fish) or the snail; Helisoma. Some boron uptake was observed 
for these organisms in the systems containing 5, 10, and 50 mg/l boron, 
but the levels were signigicantly lower than for the plant samples. The 
total amount of boron assimilated by the plant and animal life in each 
system averaged less than 1% of that.initially added. 

F. BoRON ADSORPTION BY KAOLINITE AND ATTAPULGITE 

Results of the investigation of boron adsorption onto two clays, 
kaolinite (EPK/AF, Edgar Plastic Kaolin Co., Edgar, Flo), and attapulgite 
(Diluex, The Floridan Co., Quincy, Fl.), are presented in Table 4-8. 
It is apparent from the data that essentially no sorption occurred for 
either of these clays, even th~ugh the pH values were near the optimum 
reported by other workers. This seems in disagreement with the work re
viewed by Bingham (1973). However, before drawing such a conclusion 
additional factors must be considered. The studies reported in the 
literature were conducted using boric acid solutions varying from about 
10-400 mg/l boron and allowing sorption to occur over a period of three 
or four weeks before analysis. In addition, much of that work was con
ducted using synthetic seawater media. These are quite different condi
tions from the 0-1 mg/l concentrations, 24-hour reaction time, and dis
tilled water medium used in this study. Interpretation of the results 
presented here is confounded by the variation in ionic strengths d!~ the 
solutions used and by the absence of similar trends within each series. 
The two types of clays investigated are representative of much of the 
$.urficial clay deposits in Florida, and these preliminary results 
suggest that boron in Florida waters is not controlled by direct inter
action with soils or mineral sediments. However, attempts to extrapolate 
these results to boron adsorption by other clay minerals or adsorption 
of boron-organic complexes would not be warranted. 

Comparison of Doron sorption rates by samples of attapulgite under 
similar conditions with highly colored Lake Mize water and clear Lake 
Magnolia water (Table 4-9) indicates that the organic color present in 
Lake Mize water has no dramatic effect on boron sorption by this clay. 

The observed boron sorption rates were slightly different for the 
two water samples, but it would be inappropriate to overemphasize these 
differences for such a brief experiment. Additional experiments with 
more rigorous control of the variables are necessary to more precisely 
quantify the Doron sorption capacities of clays and the effects of 
organic color on the sorption process. However, it appears from the 
results of this preliminary investigation that little boron sorption by 
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Table 4-8. Boron Concentrations in Solutions After 24 Hours contact 
with Kaolinite and Attapulgite 

Concentration of Boron (llell) in Solution 
Approxirnate* Concentration$~ . 
of Boron Initially Added a p.g/l 100 ~g/l 400 Ilg/1 1000 Ilg/l 

Volume of 
Type of Clay 0.05 M NaOH ...ElL Boron J1L Boron J1L Boron ..1?lL 

Controls o ml 4.7 23 5.2 121 5.4 544 5.1 
(No Clay Iml 9.8 22 10.2 117 9.7 608 9.2 
Added) 2ml 10.4 55 10.5 136 10.1 524 10.2 

Kaolinite Oml 5.7 44 6.8 179 6.1 464- 5.9 
Iml 8~6 30 9.2 152 8.7 484 8.8 
2ml 10.0 '35 10.) 153 9.8 460 9.7 

Attapulgite Oml 9.2 55 9.2 144 8.6 504 8.7 
Iml 9.8 76 9.6 584 9.4 
2 Il'~ 10.1 98 9.0 121 9.9 524 10.0 

* Because of the background level of 30 p.g/l boron in the water used to prepare the solutions 
used in this study, no attempt was made to prepare solutions containing exactly 100, 400, and 
lDOO ~g/l boron. Instead, 4 liters of ~ach solution was prepared with the approximate 
c ncentrations of boron and 250-ml portions of these stock solutions were added to the flasks 

each series, insuring uniformity of added boronconcentratlons H'ithin each series and. 
ing on analysis of the controls to establish the added concentrations more exactly. 

Boron 
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claysaccurs in natural waters. and that if baran .... organic calar interactions 
eeeazo. t ... IhmM't lMVe " ...,or .fl ••• o. Mlwa ",'take " C!lara. 

pH 

4.5 
'.0 

Table 4-9. iiJ,I'OR &1U~"U~ b;r:~t.ta. .. l,i.,~.clay ,&41·£"" 24 haul's 
e'l'l!lili8ratioa with e1M1r aacl eole.edeU •• tHphie ~ water. 

liIlDlmt.,. .• 'MM,f.,W 
Lake Mize (calared) Lake Magnolia (clear) 

Cantral 
(34 pg B/l) 

17 
12 

Spiked 
(1034 J.lg B/l) 

i2 
37 

Cantral 
(10 }lg/l) 

5 
() 

Spiked 
(1010 Vg/1) 

UI' 
110 

~ - - - -

Essli:lilt: ~ he '~;11_ "lIIea"tr"'iI\ioi ... ~~ .. """" ..... "" .. ~¥--4-· .. +~,:tett":~ ' .. v'"'~'f''' ""L. fLt: P~ ............ ~.~~J't~~~""'.,. ...... J~ I. 
baran-arganic calar interaction are presented in Figures 4-12 to 4-16. 
Figures 4-12 to. 4-14 shaw results obtained with distilled water as the 
eluant, Figure 4-15, with pH 8.0 phasphate buffer, and Figure 4-16, 
with pH 8.0 barate buffer. Figure 4-12 illustrates a typical elutian 
prafile far the dyes used to determine the excluded and included valumes 
af the Sephadex calumn. The excluded valume carrespands to. the peak 
elutian af the high malecular weight dye, Blue Dextran 2000 (MW!:::2 X 106 ), 

I . 

land the included valume carrespands to. the peak elutian af-the law 
malecular weight dye,. methyl arange (MW!:::700) • For the calumn used in 
this wark the Blue Dextran 2000 was cansistently eluted principally in 
the eleventh fractian; thus the excluded valume was 110 ml. The methj:l 
arange was generally eluted principally in the 32nd. to. 34th fractian, 
indicating an included valume af 320-340 ml. Same prablems were encaun
tered using methyl arange as the law molecular weight dye with the 
phasphate buffer eluant. Under these canditians the methyl arange was 
retained an the calumn abaut 15 fractions langeI' than when either dis
tilled water ar borate buffer was employed as the eluant. This prablem 
was circumvented by using a dilute K2 Cr0 4 salution far the law malecular 
weight dye when eluting with phasphate!l:'ouffer. 

Figures 4-13 and 4-14 shaw the calar and baran elutian prafiles far 
bath spiked and unspiked calar concentrate with distilled water eluant. 
The arganic calar was eluted in two peaks, ane accurring at the high 
malecular weight end, with the high malecular weight fractian having a 
slightly mare intense calar peak under these canditians. The fact that 
the calar elutian patterns were identical far bath spiked and unspiked 
samples indicates that either no significant boran-organic calar cam
plexes farm under these canditians, 0.1' that interactian with the Sephadex 
gel destabilizes any camplexes farmed. Thebaran elutian prafiles also. 
suppart such an argument. With the unspiked calor cancentrate the 
backgraund baran was eluted in twa peaks. A small peak accurred at abaut 
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Blue Dextl:aa ~OOO 
(MW~2 X 10 ) 

Elution Volume (JRl) 

]!'igure 4-12. Low and High :M;olecu1ar Weight Dye Elution 
Prof~le on Sephadex G-50 Eluted with Distilled 
Water. ('.Flow, rate = 2m1/min.) 
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the same elution volume asthe·high :inolecular.weight colo):' fraction; the 
Odl.~1!' elcc\1rrQQ at the' loW- mo1ecularweiiht /fWd of the chromatoatam in 
the s_ f'~""_ .. tile' .elll_ •• 1.., ,-*. ~ &1.0 ... · repC!ll :ia *idl 
€me 90'\114 .. et to ftllA •• 1 __ le_la~ _~t lIo1\1t8 8\1QIl .. 1(_) s 

elr l(cahF .1.t84. 'litH ...... ~. ~. at ~fI ,art of the lloron ,r •• ent 
In natural' wet_. ill _et.a. ... wi. ~ .. alfit .l.-cular ~i.t orptlic 
fraction. However, the degree 6f association apparently is not increased 
by addition of more boron, as the boron elution profiles of the samples 
spiked with 32 mg/l and 96 mg/1 boron show. In these profiles f1uctua
tt .. in me' ,._ It __ k--:1 .. u. ia tu Iile&i.- to ai" mo1.~el.ilar 
Itt". re._ ¥hick ailllt .. attritnstt.le to ,"oroa-or_tc color ... oeiation. 

'file color ... ,"ol.'oa 81\1ti·oa ,Nfll_ 0'ta1_4 _:t •• 0.1 II .. '.0 
phosphate buffer as the eluant are presented in Figure 4-15. With this 
eluant the organic color was almost totally eluted as a single broad peak 
near the low molecular weight end of the chromatogram, and the large high 
molecular weight peak observed with distilled water eluant is present 
only in vestiga1 form. Again, there are no substantive differences 
between the elution profiles for the spiked and unspiked samples. The 
boron elution patterns are similar to those observed with distilled water 
eluant. For the unspiked sample two boron peaks are present, occurring 
at either end of the chromatogl:laDl, and for the sample spiked with 32 mg/1 
boron the high molecular weight peak again becomes indistinguishable from 
the background. The reason for the apparent decrease in the boron content 
elf the high molecular weight fraction is not clear. Presumably the 
major portion of the added boron is eluted as molecular boric acid in the 
low molecular weight peak. 

When eluted with O.lM pH 8.0 borate buffer, nearly all the organic 
color came off the column in a peak at the high molecular weight end of 
the chromatogram (Figure 4-16). In this case, all that remained of the 
low molecular weight peaks observed with distilled water and phosphate 
buffer e1uants was a small shoulder on the tail of the main peak. As 
~u1d be expected with borate buffer, no difference was observed between 
the spiked and unspiked samples. For obvious reasons, boron elution 
profiles were not deter:inined using this eluant. 

These results agree with the observation of Christman and Ghassemi 
(1966) who observed an apparent increase in molecular weight of organic 
color eluted with borate buffers as compared with the same color samples 
eluted with phosphate buffers. Both sets of results are compatible with 
a scheme in which a small fraction of the boron present in natural waters 
is strongly bound to a high molecular weight organic fraction, while the 
major portion is present as molecular boric acid which at most may form 
weak complexes with organic color. The similarity in color elution 
patterns for spiked and unspiked color concentrates could be the result of 
break-up of such loosely .bondedboron-co10r·comp1exes by interactions 
with the Sephadex gel. Formation of a loose network of boron-color 
complexes could account for the apparent increase in molecular weight of 
organic color eluted from Sephadex gel by a relatively concentrated borate 
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buffer. However~ an equallY' orlllore likely conclusion is tn_at b.oron
organic color interactions are small and relatively uri.i.mportant~but that 
boron interacts with the Sepha.dex gel: its-elf (Saphadex being a dextran 
Or glucose polymer). At low-borou concentrations (theunspiked and 
spiked samples eluted with phosphate buffer and distilled water) the 
interactions are insignificant and the- -color elution profiles are 
unaffected~ At high concentrations_ (0 .1M borate buffer) the borate 
reacts with the gel and-partially excludes the color from the internal 
volume of the gel~ eithe'l:by electrostatic repulsion or by physically 
decreasing the pore size.' Hence the color remains in the external volume 
of the column, moves down it more rapidly and consequently only appears 
to be larger. 
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CHJSPTER 5 I SUM'MRYPl'ID C(J~CWS IONS FOR BORON STUD rES 

Review' of the literature revea1ed··few investigations of boron con
centrations in the aquatic ·environment des·pite its role as a micro
nutrient for plants, its· toxici·ty to many plants at concentrations only 
slightly above optimal, and its increasing use by man, especially in 
household laundry products. The limited amount of literature is partly 
attributable to the lack of a suitable analytical method for direct 
analysis of the low boron concentrations presentpmninatura1 waters. The 
method of analysis presented in this work utilizes the high sensitivity 
of cur cumin for boron and incorporates the work of several different 
researchers on use of acid anhydrides for removal of water to produce 
a fast, accura~e p~ocedure sensitive to boron in the parts-per billion 
range. Application of this procedure to analysis of water samples 
from a variety of sources throughout Florida and to laboratory studies 
of boron adsorption by clays and boron uptake by components of model 
ecosystems has led to the following conclusions. 

Boron .. concentrations in natural waters of Florida generally are 
below 100 ~g/l, and are close to concentrations reported for streams 
in the southeastern United States (Boyd and Walley 1972), rivers of 
Norway and Sweden (Ah1 and Jonsson 1972), and the major rivers of the 
U.S.S.R. (Livingston 1963). 

Rainfall is a major source of boron to surface waters in Florida. 
Concen.trations in rainfall vary from about 90 pg/1 at the coasts. to 
10-15 ~g/l inland. The concentration gradient with respect to distance 
from the coast suggests that the ocean is a source of atmospheric 
boron via sea spray aerosols. 

Sewage effluents are the major cultural sources of boron to Florida 
lakes and rivers. Domestic sewage in Florida typically contains concen
trations of 300-800 ]lg/l bor99~ '~qua11ingand exceeding. the threshold 
for toxicity to boron-sensitive plants including citrus and other fruit 
trees. Present concentrations of boron in citrus grove ponds are well 
b.e10w toxic levels, indicating that concentrations in the soil solution 
extracts also are below toxic levels ,;iGt!;·th.e.s.~ rha.sons1i,.~dlis.'Hl~taiLnsf 
sewage effluents as irrigation waters should be carefully studied before 
full-scale implementation occurs. 

Boron concentrations in municipal water supplies in F1ori.da also 
are generally below 100 ~g/l, and no detectable quantities are removed 
by the conventional treatment processes of lime-soda softening or 
coagulation with alum or ferric salts. The large differences in boron 
concentrations, between munic;tpa1 water supplies and sewage and the 
large-scale use of ooron-containingc.ompounds by the detergent industry 
implicate household laundry products as· the primary source of boron in 
sewage. 

Results of investigations of boron uptake by aquatic plants and 
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animal$ indicate that although uptak.e is,. accelerated in the presence 
of high concentrat:;t,Ons·of boron, only' a small part of the.total boron 
present is, assimilated. The bOrOl:l conce.nt:rations observedi,n natural 
waters of ~lorida present: no toxic hazard to aquatic biota. Tnes'e 
results support the theory, -that boron is, an essentially conservative 
element in the environment. 

Results of a br±ef.lab0ratory study of boron adsorption by k.aolinite 
and attapulgite indicate that these clay minerals are ineffective in 
removing low concentrations of boron from solution and probably are 
only minor sinks for boron in the environment. A subsequent investigation 
indicated that while some boron is removed from solution by attapulgite 
over a period of several days, the amount is small (about 100 ~g B/gram 
clay) and that the sorption process is apparently unaffected by possible 
boron-organic color interactions. 

Results of gel permeation chromatography of organic color concen-
trates with and without added boron indicate that the dominant forms of 
boron in natural waters are molecular boric acid and borate anion. 
However, the results also indicate that at least a small portion of the 
ambient boron is associated with the high molecular weight component 
or organic fraction. The possibility that boric acid and borate anions 
may become loosely associated with organic color cannot be excluded, 
but it is unlikely that this phenomenom plays a major role in the 
structure of natural water organic color. 
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PART 1I • ARSENIC 

CHAP1ER 6. BACKGROUND INfOP!1l\Trrn ON ARSENIC 

A. ARSENIC CHEMISTRY AND BIOI. .. OGlCAL MEDIATION OF TRANSFORMATIONS 

Arsenic is widespread in nature, but it is relatively lower in 
abundance than phosphorus. The chemistry of arsenic is similar to the 
other Group V elements (phosphorus, antimony, bismuth and nitrogen) ; 
it differs from phosphorus, which is primarily covalent, with its in
creasing cationic behavior. Two oxides of arsenic exist: As,+O~) anand 
As 20,,,,, corresponding to oxidation states +3 and +5 respectively. In 
acid solutions of AS'+06 (arsenite) the primary species is As(OH)3; in~ 

increasingly basic solutions As(OH)zO-, As(OH)02:'; and As0 33- may occur. 
AszOs (arsenate) occurs in water ~en.~ifteid, H3AsO,+ (pK1 = 2.3, pK2 
= 7.0). Arsenic is also found in an extensive series of "cacodyl" or 
dimethyl compounds, such as MezAsCl, cacodyl chloride. There are also 
diarsenic tetraalykyls such as dicacodyl, Me2AsAsMez. With the excep
tion of dimethylarsinic acid, the methylated compounds are ~eneraU.y 
man made. In highly reducing environments arsenic can also exist in 
the -3 oxidation state as the volatile arsenic compo~nds: arsine 
(AsH 3) , methylarsine (CH 3AsH2)' di;Ul,e1!h~la:rsin.e ( (CH) 2AsH), and 
trimethylarsine (CH3)3As. 

Ferguson and Gavis (1972) constructed an, Eh-ph diagram for 
arsenic in a system including HzO, oxygen,and sulfur, as depicted in 
Figure 6-1. Under redox conditions where sulfide is stable and at pH 
values below 5.5, realgar, AsSj ~ and orphiment, ASi 53 ' have low solubi
lities and occur as stable solids. Aqueous HAscS 2 is the predominant 
soluble species at low pH in the presence of sulfide. 1'1: has a maximum 
solubility of 25 ppb. 

In the environment organic arsenicals are eventually degraded to 
inorganic forms; the only exception appears to be dimethylarsinic acid. 
Braman and Foreback (1973) stated that dimethylarsinic acid is a s;tjor 
and ubiquitous form of arsenic in the environment and is highly resistant 
to oxidation. Arsenite is 25 times more toxic than dimethylarsinic 
acid and it is possible that microbial transformation of arsenite into 
dimethylarsinic acid represents a detoxification mechanism. Crecelius 
(1975) found that the interstitial water from Lake Washington contained 
a few percent of the total As as dimethylarsinic acid. The work of 
Braman and Foreback (1973) indicated that river and lake water in Florida 
has dimethylarsinic acid in proportions ranging up to 1% of the total 
arsenic. 

These seemingly minute quantities of dimethylarsinic acid increase 
in significance when the role of dimethylarsinic acid in the volatilization 
of arsenic is considered. Cox and Alexander (1973) determined that 
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~~gure 6-1. The Eh-pH diagram for As at 25°C and one atmosphere 
with total arsenic 10~.s mol 1-1 and total sulfur 10"3 mol 1-1. 
Solid species are enclosed in parenthesis in cross-hatched area, 
which indicates solubility less than 10-5•3 mol 1-1. (From 
Ferguson and Gavis 1972). 

methylarsonic acid CH3AsO(OH)z and dimethylarsinic acid (CH3)2AsO(OH) 
were the optimal sources of arsenic for trimethylarsine production by 
three sewage fungi. Challenger (1951) proposed the following metabolic 
pathway!for the productioll . of tri1l1ethylarsine 
from arsenite by Scopulariopsis brevicaulis: 

HO-As-OH 
OR 

'Arsenious 
acid 

o 

o 
HO-As-CHJ 
, OH 

Methylarsonic 
acid ' 

CH + 
~ 

o 
HO-As-CHJ 

CR] , 
Dimethylarsinic 

acid 
CH + 
~ 

H C-As-CH 
J CH J ----------------7> HJC-As-CHJ CHJ J 

Trimethylarsine oxide Trimethylarsine 

'From this proposed pathway and from the findings of Cox and Alexander 
(1973), it appears that methyl arsonic 'acid and dimethylarsinic acid are 
important steps in the process of arsenic volatilization. 

Wools'on and Kearney (1973) labeled dimethylarsinic acid with 1ltC 
to s·tudy' its dynamics in soils. At an application rate of 100 'ppm of 
dimethylarsinic acid 35 percent of the arsenic in the soil was volatilized 
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as ars:i:,ne,methylarsine,- dimethylarsine, trimethy1arsine or some other 
volatile organo-arsenic compound w1thin24weeks of application. Under 
completely anaerobic conditions, it was found that 61 percent of the 
applied dimethylarsiJiic-acid was converted to-a volatile form within 
a 24 week period. Results of '.Myers -et al. ~1973) suggest that volatili
zation may occur in sewage treatment plants. These Workers found that 
activated sludge under anaerobic conditions first reduced arsenate to 
arsenite Which then was--apparently further reduced and was not detected 
as- arsenate or arsenite.-

Microbial mediation is also important in the oxidation-reduction 
equilibria of arsenite and arsenate. Johnson (1972) reported that at 
thermodynamic equilibrium the ratio of arsenate to arsenite in oxygenated 
sea water at pH 8.1 should be about 1026 • However, significant quanti
ties of arsenite have been found in all oceanic regions. Johnson also 
collected a non-colonial culture from Narragansett Bay and added it to 
an aerobic Sargasso Sea water spiked with arsenate. As the bacterial 
population entered log phase growth, arsenate was reduced to arsenite. 
Pilson (1974) determined that a scleractinian coral was capable of 
removing arsenate from seawater, reducing it to arsenite and then 
releasing it. This process was postulated as a mechanism to rid the 
cells of As which is transported into the cells during phosphate 
accumulation. 

Clement and Faust (1973) analyzed several waters with unusually 
high As contents (Table 6-1) and found that arsenite generally pre
vailed under anaerobic conditions and arsenate predominated in aerobic 
conditions. Arsenite in anaerobic water was found to be almost com
pletely oxidized to arsenate within 4 days of aeration of the water 
(Figure 6-2). 

Table 6-1. Oxidation State of Arsenic in Arsenic Rich Natural 
Waters (From Clement and Faust 1973). 

Characteristics Inorganic 
Well aerated stream 
Well aerated stream 
Ground water supply 
Ground water supply 
Ground water fed stream 

at flood stage 
Anaerobic reservoir_ 
Anaerobic reservoi'r 
Anaerobic reservoir 

Arsenic, )lg/l 
o . () 5 9~--"""''''"'''-= 
0.014 

224. 
280. 

-0.080 

1·320 
- 0 .139 
·1.008 

Percent 
8 
7 

51 
54 
26 

100 
100 

98 
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Figure 6-2. Percent Arsenate va. Time Following Aeration of an 
Anaerobic W'ater. At time 0, 0.368 mg/1 Arsenite 
(From Clement and Faust 1973). 

- -- ,_.. .. ... .-

B. OCCURRENCE,I USES AND CYCLING OF ARSENIC 

Hurlbut (1968) estimated that arsenic comprises approximately 5.0 
x 10: 5 percent of the earth's crust; or an average of 0.5 ppm. Common 
mineral forms of arsenic are arsenopyrite (FeSz':, FeAs.e) , realgar (AsS) 
and orphiment (AszSg). Cultural sources of arsenic include coal (mean 
concentration of 14 ppm; Ruch et a1. 1974), phosphate detergents' 
(concentrations of 10-70 ppm; Angino et a1. 1970), arsenical pesticides, 
leaching of mine waste piles, ore smelters and various other industrial 
activities. Ferguson and Gavis (1972) estimated that U.S. consumption 
of As is 25,000 metric tons per year and that much of this As is intro
duced into the environment. 

Walsh and Keeney (1975) noted that organic arsenicals are largely 
replacing inorganic As salts as herbicides and that the organo-arseni
ca1s are applied at lower rates. Registration of inorganic arsenicals 
for use on nearly all vegetable and agronomic crops was cancelled in 
1968. Lead arsenate, calcium arsenate and Paris Green (3Cu(AsOz )z.Cu .... 
(CZHgOz)z) are still used as insect:ictdes. Lead arsenate is also used 
to control annual bluegrass on golf greens and fairways. In Florida 
lead arsenate is used to increase the ratio of solids to acids in 
grapefruit by application of approximately 6 potinds per acre in late 
spring or early summer (Florida Citrus Spray and Dust Schedule 1975). 
Arsenic compounds have oeenbanned for use in aquatic weed control in 
F1ori.da since 1905. 

Calvert (1975) reported that: 3-nitro-4-hydroxy- pheny1arsonic acid, 
arsani1ic add, 4-nitropheny1arsine and p-ureidobenzenearsonic acid are 
approved by the U.S. Food and Drug Administration for use in poultry 
and swine feeds as therapeutic and growth stimulants at levels "low 
enough not to constitute a human health hazard." 
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Despite the widespread use of arsenic, concentrations in waters . and water 
supplies remain small. Acccrrding . to 'McCahe.eC al. (1970),' high As 
concentrations- in water q"l1pplies in th~ U .S< are, rare and not a threat 
to public health.' Their survey o;E969 water supplies found As exceeding 
10 ppb in 0.5 percent of the samples· and exceeding 50 ppb in only 0.2 
percent of the supplies. survey,ed. The recommended drinking water 
standard 'by the:·U. S ~ 1'uo1ic Health Service is 10 ppo and the mandatory 
limit is 50 ppb.· Arsenic in naturally arsenic-rich waters is ~lictt'Z"ecli 
to result from water passing through layers of arsenical pyrites. High 
natural levels of As occur in deep wells and geothermal waters in the 
western parts of the U.S., the south coast of Taiwan and New Zealand. 

In the environment soluble As is readily sorbed by most soils and 
sediments. Wauchope (1975) found that at low concentrations arsenicals 
and arsenate had sorption projHa-rties:" similar to phosphate, and at higher 
concentrations As was actually sorbed better due to a secondary preference 
of As for some site associated with calcium. Sorption was also found 
to be highly c.orrelated with the clay fll'aetion and was independent of 
organic matter. 

A modified Chang and Jackson procedure was applied to As contaminated 
soils by Johnson and HiltlDo1d (19tl~). The Chang and Jackson procedure 
was originally developed to determine the amount of phosphate associated 
with various soil compounds: Al(OH)g, Fe(OH)g, calcium compounds, 
reductant soluble compounds, and water soluble compounds. Johnson and 
Hiltbold determined that ammonium chloride extracted a large fraction 
of As in soils indicating that it was loosely bound (~Jwater soluble"). 
Alumi~um bound As was released by complexing the aluminum with fluoride. 
Arsenic comple~d with iron was released by the addition of a sodium 
hydroxide complex, thus releasing the arsenic. Reductant soluble As 
(that associated with iron but coated with Fe(OH)g) was then extracted 
by reducing the sample with a citrate-dithionate mixture. Calcium bound 
As was extracted by adding dilute sulfuric acid to dissolve the calcium 
salts. This fractionation scheme is depicted in Figure 6-3. No arsenic 
was found combined with the organic fraction. The results of this 
fractionation procedure when applied to a soil treated with methanear
sonate herbicides (Figure 6-4) indicates that As is found in completely 
different fractions than phosphate. 

Woolson et al. (1971) used the above fractionation procedure to 
characterize themode of inorganic As s.orption by several soils. They 
found that iron-bound As was the predominant form of As in the soils; 
however, calcium-arsenic and aluminum-arsenic also occasionally pre
dominated. Calcium-arsenic was found to be the largest fraction in 
Lakeland loamy sand samples. A comparison of these data with the results 
of Johnsen and Hiltbold (1969) (Figure 6-4) indicates that although 
inorganic and methylated arsenic are sorbed to similar extents (Wauchope 
1975), sorption is not by the same processes. 

Woolson and Kearney (1973) investigated the sorption properties 
of cacodylic (dimethylarsinic) acid arid arsenate using the modified Chang 
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Figure 6-3. A Modified Chang and Jackson Procedure for the Frac
tionation of Arsenic in Soils (Petersen and Corey 1969) 
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'Figure 6-4. Percentage of Total Arsenic and Phosphorous Extracted 
lin Nine Successive Extractions of Ches'terfie1d Sandy Loam (Johnson 
and Hi1tbo1d 1969). 
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and Jackson procedure. They, found that cacodylic acid 'Was distributed 
in soils in th.e decreasing order: water s,01ub1e,a1umi,num' fraction, 
iron fraction, and calcium fracti.on. In contrast, arsenate ~as largely 
present in the iron and aluminum fract:i:ons-. Jacobs and Keeney (1970) 
treated soils with oxalate to remove all of the amorphous iron and 
aluminum components and found that it·comp1ete1Y eliminated the 
arsenic sorption capac:i:ty of the soil. 

Kanomor:i: (1965) investigated the effects of anaerobic condi-
tions on the solubility of As. Under anaerobic conditions in three 
Japanese lakes he found values of 10.4, 18.0,and 10.0 ppb, and in 
aerobic surface waters of the same three lakes he found values of 0.70, 
0.38, and 1.9 ppb respectively. When sediments from an oligotrophic 
lake were incubated under anaerobic conditions maximum dissolved 
ferrous iron and-dissolved As levels, 84 and 80 percent of the total 
in the sediments, were reached in four days. An incubation experiment 
for sediments from a eutrophic lake showed similar results, but at 
maximum values of ferrous iron and dissolved As, black ferrous sulfide 
precipitated. Arsenic was present as arsenite in the presence of sulfide. 

Ferguson and Gavis (1972) presented a conceptual model for the 
cycling of arsenic in stratified lakes (Figure 6-5). In this model 
arsenic is oxidized to arsenate in the epi1imnion and arsenate is reduced 
to arsenite in the hypolimnion. Arsenic is .. removed from solution by 
precipitation or adsorption with iron hydroxide or some other solid 
phase compound and is released from sediments by the reduction and 
reso1ubi1ization of iron. A proposed precipitation of arsenite as 
orphiment is also included. 

Several cases of As pollution in the environment have been investigated, 
and they seem to indicate that As is sorbed and concentrated by the 
sediments. Wilder (1972) reported that a sewage treatment plant in 
North Carolina had As concentrations of 1,100 ppb in the effluent, and 
three months after the source of As was stopped the effluent concen-
tration was still 115 to 260 ppb. Arsenic was found to be concen-
trated on the sediment materials in the receiving stream in concentrations 
of 7 to 35 ppm. 

Crecelius (1975) found As concentrations greater than 200 ppm in 
the surface sediments of Lake Washington and a high average rainfall As 
concentration of 16 ppb. The high As concentrations were attributed 
to the dust from a copper smelter at Tacoma, some 35 miles southwest of 
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the lake. Arsenic levels in Lake ; Washington water were low ,averaging 1. 6 ppb. 
It was determined that 55 percent of the As entering the lake was removed 
by sediments and 45 percent by outflow. 

Seydel (1972) determined that Lake Michigan sediments contained an 
average of 15.2 ppm As compared to unpolluted Lake Superior which con
tained only one-fourth as much in its sediments. Lake Michigan had an 
average of 2.4 ~ W the W'ate~r. Ruch et a1. (1970) reported similar 
values for ...... ~ Htlla.atl;· IIft-I1 f~ a cOl"r.latiotl (r=O.72) 

. , 

'et".e. t.. orptlie cad))'" 84 t'-.As 1m tll.. .ed:l1llemts. this was 
attr11fHit.d to "od! ~t._ce. Mb. aprocluct of aaa's :activities. 
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Figure 6-5. Local Cycle of Arsenic in a Stratified Lake 
(Ferguson and Gavis 1972). 

The Water Resources Data for Florida. Part 2 Surface Water 
Quality Records 1974 indicate that As levels in Florida waters are 
generally less than 20 ppb and that most waters contain only a few ppb. 
Chemical analysis of bottom sediments indicated levels less than 10 ppm; 
with most having less than 5 ppm. 

C. TOXIC EFFECTS AND BIOACCUMULATION OF ARSENIC 

There are no current examples of toxic accumulations of As in 
food organisms, and all reported chronic poisonings are due to the 
injestion of water containing harmful levels of As. Zaldivar (1974) 
suggests that arsenicals may act as plur;i:potentia1 careinogens (cause 
mliiltiUp1.eformsof.ganeer) and cause malignancies of the skin, mouth, 

i eElophagus, stomach, liver, nasal sinuses, la:ry:nx cand lung. Skin carcinoma:: 
'QI!iIl!NI ta .. t e~ delll"e" affeet. ·Ar.8Ilic in tirillkinl water in 
r.:ltf;a ...... relat .. to c'IiM:aaeo\wt carcillotllWl. In rorreoa, Jlexico. 
'ri_~ watar eOAtai'" It to , ppm of araeDie all« 2'11 out of 4" 
per_ .~ sip_ of cllroaic Ilrs.aie ,oisoaias. 'faala 6-2 illustrates 
ttte ei~'I'd.fieant ~erea~e in Antofa~a8ta, Cllil. (100 ,O!OO population) after 
a water treatment plant was built that decreased the arsenic content 
of the water from 0.58 ppm to 0.08 ppm. 

Table 6-2. Decrease in Chronic Arsenic Poisoning in Antofagasta, 
Chile due to Reduction of Arsenic in Drinking Water (Zaldivar, 1974) 

Year 

1968-9 
1971 

Incidence Rates per 100,000 
. Arsenic ppm Males Females 

0.58 
0.08 

145.5 
9.1 

168.0 
10.0 
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The molecular biology of As carcinogenesis involves thehuinan 
epidermal cells. Inorganic bound ars:enate inhibits replication of 
DNA and interrupts the repair mechanisms. A possible causei'S the 
blockage of DNA polymerase by, th.e linkage of arsenate to sulfide 
groups (Jung 1970). Arsenic carcinogenesis may also be a functiQn 
of the ability of arsenic compounds to act as methylating agents, but 
this hypothesis requires further' study. Unfortunately, although it 
is recognized that arsenite is more toxic than arsenate (N.I.O.S.H. 1975), 
no distinction has been made in most studies of chronic arsenic 
poisonings. 

Liebig (1966) determined the tolerance of several crops to 
arsenic as shown in Table 6-3. Woolson (1975) states that aquatic 

Low or No Tolerance 

Snap bean 
Lima bean 
Onion 
Pea 
Cucumber 
Alfalfa 
Other,Legumes 

S tra wber:r i e s 
Sweet, corn 
Beet 
Squash 

YeryTolerant 

Asparagus 
Potato 

, Toma.to 
Carrot 
TabaccQ 
Dewberry 
Grape 
Red Rasberry 

plants accumulate much more As than do higher members in the aquatic 
food chain. Arsenic was found to be bioconcentrated but not 1>-io
magnified. Table 6-4 lists bioaccumu1ation ratios (concentrt.~tion in 
organisms/concentration in water) for several different organisms.fot:' 
arsenate, methylarsonioiacid and dimethy1arsinic acid. 

Reay (1972) found that the amount of arsenic in underwat,er plants 
correlated more with the aqueous concentration of arsenic than the 
arsenic in the sedime~ts. Reay also determined that emergent aquatics 
contained less arsenic than submerged aquatics. 

From the literature it appears that As is not bioaccumulated by 
animals but is bioconcentrated by plants due to the chemical similar-
ities of arsenate and phosphate. Arsenic has been shown to be carcinogenic 
at relatively high concentrations, but not enough is known about its 
effects in trace amounts. 

D. ANALYTICAL ME1HODS FOR ARSENIC 

Trace level analysis Qf As has been a popular area' for research 
for the past several years, and the recent literature contains numerous 
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papers on the topic. :Brevious1y only relatively insensitive colorimetric 
methods were available, and methods to distinguish among the various 
arsenic species were limited~ Today a wide variety of instrumental 
techniques are capable of analysis at ppb and sub-ppb levels. Several 
factors· must be considered in choosing a method for environmental 
monitoring of As. First, of course,' is' sensitivity; the method 
must be capable ·of detecting As. at levels considerably below 10 ppb 
(the U.S: P.R.S: recommended drinking water standard). Most natural 
water samples contain less than 10 ppb of arsenic (Ferguson and Anderson 
1974). In most environmental monitoring, a large number of samples 
must be analyzed to define the system; thus the procedure should not 
require an unreasonable amount of time per. sample. The method should 
be able to differentiate between the two oxidation states found in 
environmental samples -- As (III) and As (V). This is particu1ari1y 
important because of the differences in chemical properties of the 
two species and the greater toxicity of the arsenite species. Finally 
the use of "exotic" equipment and techniques not common to environmental 
sciences laboratories should be avoided. With these considerations in 
mi.nd the methods of analysis of arsenic were reviewed and a procedure 
developed for this study. 

Investigations into the polarographic behavior of As constitute 
a large body of literature. Arnold and Johnson (1968) compiled a 
comprehensive review on the polarographic behavior of As in various 
media and the use of square wave and DC polarography to determine As. 
Whitnack and Brophy (1969) used a single sweep polarographic technique 
with a detection ~imit of 5 ppb. No sample pretreatment was necessary; 
however, the method requires an oscilloscope readout. 

Table 6-4. Bioaccumu1ation Ratio Values for Arsenic Obtained 
in Model Ecosystem Studies 

Compound Water ORGANISM 

Conc. Algae Duck- Da:Qhnia Snail Gambusia Cat- Gray-
ppm As weed .fish fish 

71f.AsO- 3 1 34 ND* 4 ND 130 ND 5 (1) 
: 3 It. 
IIf. C_MSMA 1 4 ND 8 ND 108 ND 1 (1) 
IIf.C-CA 1 3-17 1-3 ND 1-22~, 1 1-16 (2) 

0.1 45 39 9-20 1 (3) 
1.0 17 42 2-68 1 (3) 

10.0 7 25 1-7 1 (3) 

References: (1) Woolson., 1975 
(2) Schuth 'etaL (1974) *ND ;::: not determined --(3) Isensee eta!. (1973) --
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Myers and Osteryoung (1973) investigated the use of several sup
porting electrolytes for. the· determination of As by differential pulse 
polarography, and 1 M hydrochloric·acidwas found to give the greatest 
sensitivity" The detection limit was 0.3 ppb and response was linear 
up to 60 ppm. This technique is capable of speciating arsenic as it 
is specific for arsenite. Total As was deterininedby reducing_the 
arsena,te to arsenite by Cu(I) in concentrated RCI followed by extrac
tion of ASCl g into benzene and back extraction into water. They found 
that this method suffers ftom interferences by Pb (II), Sn (II) and 
(IV), and Tl (I) and (III). A deaeration period of 10-15 minutes for 
each sample is also required. 

Neutron activation analysis (NAA) has been used for the analysis 
of As in many cases, particularly soil samples because it eliminates 
the digestion step necessary in other methods. Ruchet a1. (1970) 
used NAA to investigate the distribution of As in theunconsolidated 
sediments of southern Lake Michigan. Samples were irradiated for 
one-half hour in a thermal neutron flux of 5 X 10 12 neutrons/cm2-sec 
to convert the As to radioactive arsenic-76. Nonradioactive carrier 
(32 mg of As (V» was added to insure isotopic exchange and known 
recovery of 76 As during subsequent chemical separation. The 0.56 Mev 
gamma-ray photopeak of 76As was used for quantitatively measuring 
arsenic in sediment samples. Counting was performed using a sodium 
iodide detector. Tannetetal. (1973) reported that the use of a 
Ge(Li) high resolution nuclear diode was required to separate the 
0.5>59' Mev 76As gannna-ray from the 0.564 Mev gamma-ray of 122Sb . 

The advantages of NAA include a low detection limit (0.1 ng 
using a thermal neutron flux of 10 12 neutrons/cm2-sec), small . 
sample size, precision and accuracy on the order of 3 to 10 percent, 
and applicability to a wide variety of samples. Some disadvantages 
of NAA are the radiochemical separation methods necessary to prevent 
overlap of the photopeaks or the use of a Ge (Li) detector to 
separate the 76As and 122Sb ~eaks, and need for a nuclear reactor. 
Also, the high activity of 2 Na induced in many environmental 
samples prevents the determination of arsenic below a few ppm. NAA 
also cannot differentiate between the forms of As without the use of 
a preliminary separation technique. 

Several techniques have been established for the determination 
of As by molecular absorption spectrophotometry. These methods can 
be divided into two groups: those that determine As directly and those 
that require the evolution of arsine gas and its adsorption by 
another solution containing the chromogenic agent. 

Because of the chemical similarities of arsenate and phosphate, 
arsenate can also be determined by the molybdenum blue method 
(Portmann and Riley 1964). Johnson and Pilson (1972) have developed 
a method for the determinat;Lon of phosphate,· arsenate and arsenite 
tn natural waters. For the determination of phosphate, the arsenate 
i.n the sample is reduced to arsenite and the phosphate deterinined by 
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the molybdenum blue method. The arsenate present is determined by 
analyzing an untreated sample and 8ubtrac.ti,ng theprevi.ously deterini.ned 
phosphate absorb.ance. Arsentte is oxidized·i.n another aliquot, and 
the absorb.ance due to arsenite is deterinine.d by subtracting the 
combined absorbance of phosphate and ars-enate... Accuracy of the inethod 
for arsentte and arsenate is + 0.017 l-\~ (1.3 llg/l) at the 95pecrcent 
confidence level. 

The group of colorimetric methods requ:trl,ng the separation·of 
arsenic from the sample by reduction to arsine includes the SDDC method 
in "Standard ~eth.ods" (A.P.H~A~ 1971). This technique requires two 
reduction steps, the first being the reduction of arsenate to arsenite 
by stannous chloride and potassium iodide. Then the arsenite is 
reduced to arsine by mossy zinc and hydrochloric acid in a closed 
system. The arsine is carried by the evolved hydrogen to a silver 
diethyldithiocarbamate (SDDC) solution and complexes with the SDDC 
to form a red color with a A max of 533 nm. 

A modification of the SDDC standard method for the determinati.on 
of As was developed by Clement and Faust (1973). Their method was 
capable of speciating arsenic by preventing the reduction of arsenate 
to arsine by the addition of dimethylformamide (DMF). DMF does not 
inhibit the reduction of arsenite to arsine by the Zn-HCl step. 
Sensitivity of this method is 1.0 1-lg/1. 

Whitnack and Martens (1971) compared the SDDC method to a single 
sweep polarography and a X-ray fluorescence method. They reported 
the SDDC method may give high values due to the fact that SDDC will 
chelate with many metals, some of which absorb in the same range as 
the arsenic diethyldithiocarbamate complex. 

Advantages of molecular absorption techniques include the need 
for only common equipment and the ability to determine the oxidation 
states. Disadvantages include the time consuming manipulations, in
terferences from other metal ions, large sample size necessary to 
obtain desirable sensitivities, and in some cases inadequate detection 
limits. 

Many efforts have been made to improve the detection limit and 
accuracy of atomic absorption spectrophotometric analysis of As. 
Early meth.ods using air-acetylene flames were very insensitive, and 
hollow cathode lamps for As were not reliable till a few years ago. 
l'he analytical line for As is at 193 rim, near the limits of the uv 
region, a fact that also led to early analytical difficulties. 
An early improvement in AAS analysis of As used an argon-hydrogen-
entrained air flame. Unfortunately, the relatively 
inefficient atomization and short residence time of arsenic in the 
absorbing region of the flame still resulted in detection limits 
of about 0.5 to 1.0 ppm (Kirkbright and Ranson 1971). The deter~ 
mination of As in a cool diffusion flame such as the argon-hydrogen
entrained air flame may also result in interferences from foreign ions, 
as the cool flame may be unable to vaporize or atomize the other com-
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pounds in the solution, resulting in non..,..atomic absorption. Without 
some further modification this method thus is not adequate for envir
ronmental studies involving trace levels of arsenic. 

Madsen (1971) used the Sn(II)-KI and Zn-HCl reduction to produce 
hydrogen and arsine. He then used a s,ilver nitrate solution to 
g,1:)sorb the arsine and deterinined the As in the silver nitrate solution 
by atomic absorption spectrophotometry. Recoveries of 96 to 99 percent 
were reported and the response Was linear between 0 and 5 ppm. The 
method is complicated and suffers from the relatively inefficient 
atomization of a liquid sample relative to a gas sample. 

Use of a carbon rod atomizer can increase the proportion of 
atomized As in the absorhing region, and an improvement in detection 
limi,t to 20 ppb for a 20lll sample has been reported (Varian Instru
ments Corp. undated). This detection limit is still somewhat above 
the levels found in the environment and does not provide for deter
mining the oxidation state of arsenic. 

Tam (1974) extracted As from 100 ml samples with diethylammonium 
diethyldithiocarbamate in carbon tetrachloride and analyzed the 
extracts using a graphite furnace. By use of the chelation-extrac
tion method, interferences are avoided and the sensitivity is 
increased. Arsenite is the only fdttfi) of arsenic extracted by this 
method, and the oxidation state of As in the sample can be determined 
by extracting an untreated sample and another sample in which the 
arsenate is first reduced to arsenite. A detection limit of 1 llg/l 
has been obtained. The requirements of manipulating the samples in 
separatory funnels, evaporating the carbon tetrachloride to a final 
volume of 0.5 ml, and the hazards associated with carbon tetrachloride 
make this method unattractive. 

The most promising methods for the determination of As combine 
the arsine generation procedure with the determination of As in the 
gas phase by atomic absorption spectrophotometry. The generation of 
arsine separates the As from the aqueous sample, thus reducing molecular 
absorption interferences from incomplete salt dissociation. Arsine 
is also more efficiently atomized than is aqueous arsenic. Early 
adaptions of this technique used the SnC12 -KI reduction of arsenate 
to arsenite and Zn-HCl reduction for the production of arsine 
(Dalton and Malanoski 1971). This procedure allowed the arsine to 
be directly introduced into the argon-hydrogen-entrained air flame 
and had a detection limit of, 0.10]lg for a 40 ml sample (2.5 ppb). 

Fernandez and Manning (1971) included a ballon in this procedure 
to collect th,e arsine and th,en releas'ed the arsine spontaneously into 
the flame.' They improved the detection limit to 0.0211g for a 20 ml 
sample (1 ppb). This method was further refined by Manning (1971) 
who purged the air from the system prior to the analysis and reduced 
the detection limit to 10 ng (0.5 ppb). A deuterium background 
corrector is necessary for these techniques because the surge of 
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hydrogen into the flame causes· a change in flame absorbance (Manning 
1971; Pollock and West 1973). 

An e1ectrode1ess discharge lamp (EDL) has been developed to replace 
the As hollow cathode lamp in atomic absorption spectrophotometry. 
The EDL offers' an improvement in intensity and stability over the 
hollow cathode lamp. Fernandez (19n) found that the EDL provides 
a twofold improvement in s.ensitiv:j.tY',~~and_.t!he aT;lsolute detec"t.ion limit 
is about 3 ng with the EDL versus, 10 ng with the hollow cathode lamp. 
~erkin-E1mer Corp. (1973) stated that their e1ectrode1ess discharge 
lamp has ten times the brightness of hollow cathode lamps for arsenic 
and are longer lived. They also offer twice the sensitivity and 
a fivefold improvement in detection limit. 

A liquid nitrogen trap was used to collect the generated arsine 
(boiling temperature =-55°C) by Orheim and Bovee (1974). The trap 
prevented a surge of hydrogen into the flame and concentrated the 
arsine. The minimum detection level was 5 ng arsenic. 

pollock and West (1973) extended the hydride generation technique 
to include Bi, Sb, Te and Ge as well as As and Se by the use of TiC1 3 

with Mg metal or sodium borohydride (NaBH If ). The use of sodium 
borohydride is a significant development which eliminates the diffi
culties associated with using solid reagents and the necessity of using 
two reducing reactions (SnC12 -KI and Zn-HC1). 

The sodium borohydride reduction method has simplified automation 
of As determination, and the slurries of aluminum and complicated 
reducing reaction reported by Goulden and Brooksbrank(1974» are not 
necessary. Kan (1973) developed an automated manifold using the 
sodium borohydride reduction of arsenic. 

The use of f1ame1ess atomic absorption has been reported to 
afford an improvement in the determination of arsenic using an 
arsine production method. Knudson and Christian (1973) volatilized 
arsine collected in a cold trap into a Perkin-Elmer HGA-2000 graphite 
furnace for atomic absorption measurement. The graphite furnace was 
found to have a tenfold lower detection limit than flame atomic 
absorption. The detection limit for the f1ame1ess method is 0.2 
ng with a sensitivity of 1.0 ng for a 40 m1 sample. Goulden and 
Brooksbank (1974) reported an increase in sensitivity of at least 
two orders of magnitude when a tube furnace was used as a covalent 
hydride decomposition device rather than the conventional argon-hy
drogen-entrained air flame. 

Braman and Foreback (1973) found that the reduction of arsenate 
to arsine was pH dependent and that at pH4 to 9 only arsenite was 
reduced to arsine.· At pH 1 to 2 arsenate ,methy1arsonic acid and 
dimethylarsinic acid are reduced to arsine,·methy1arsine and dime thy-
1arsine,· respectively. These may be separated by trapping them in 
a liquid nitrogen cooled U-tube and then warming the tube in air 
and volatilizing them in the order of their boiling points. This 
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procedure is in effect a simple gas chromatographic analysis. 

Talmi and Bostick (1975) have adapted the determination of As to 
gas chromatography, allowing for the speciation of organo-arsenic 
compounds. The arsines and alky1arsines are produced by reduction 
with sodium borohydride and are separated on a column consisting of 
5 percent Caroowax-20M on 80/100 mesh Chromosorb 101, using argon 
as the carrier gas. This system and the system devised by Braman and 
Foreback (1973)· utilize a tilicrowave emission detector which produces 
arsenic emission lines (234.9 nm or 228.8 nm) by an electrical dis
charge inaint~iined in the carrier gas. The emission intensities are 
recorded by a monochromator-photometric readout system. Limits of 
detection as reported by Braman and Foreback are 0.05 ng for arsenate 
and arsenite and 0.5 ng for the methy1arsonic and dimethylarsinic 
acids when a liquid nitrogen cooled trap is used. Lichte and 
Skogerboe (1972) reported a detection limit of 5 ng when arsine is 
introduced directly into the microwave emission detector. 
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CHAPTER 7 I EXPERIJVENTAL DESIGN AND ProCEDURES FOR ARSENICSTLIDIES 

A I AREAS OF INTEREsT 

Arsenic levels in various surface and ground waters.were determined 
by analyzing "g:Fab" samples· collected throughout the state from lakes, 
streams, rivers, ponds, springs, and wells supplying municipal water 
systems. Some duplication of effort with data gathered by the United 
States Geological SurveY' (1974) was unavoidable. Previous surveys were 
found to be too imprecise to make quantitative conclusions about the 
comparability of results. Also, other studies of As in Florida have 
not differentiated between the oxidation states of arsenic. 

In order to determine the best procedure for the preservation of 
arsenate and arsenite in natural water samples three common preserva
tion techniques were tested. Two sets of samples from the University of 
Florida sewage treatment plant effluent, Bivens Arm Lake and Gainesville 
drinking water were spiked with arsenic - one set with arsenite, the 
other with arsenate. The samples were preserved with 1) refrigeration, 
2) adjusting to pH 2.0, 3) addition of HgC12 , 4) or no preservative at 
all, and the samples were then analyzed periodically. 

In an effort to determine the importance of urban runoff as an As 
source, Hogtown Creek in Gainesville, Florida, was sampled at various 
points draining from urban and semirura1 areas during low flow (no land 
runoff) and high flow (after heavy rain). 

Because of the presence of As in laundry detergents and the ultimate 
inclusion of these products in sewage, the sewage treatment plant effluent 
and raw sewage for Gainesville, Florida, were monitored by automated 
sampling equipment for eight days at eight hour intervals to determine 
As levels in the sewage. 

Several drainage basins were selected for investigation to 
characterize major sources of arsenic and to compare streams draining 
areas of varying characteristics. These include the Middle St. Johns 
River Basin, Lake Okeechobee and its associated system of canals in 
South Florida, and the Peace River and associated southwest Florida rivers. 

Early in this research it became apparent that As sorption by 
sediments and soils was a dominating factor in the cycling of arsenic 
in the environment, and investigations were directed toward determining 
the characteristics of As sorbed by sediments and soils and the extent 
of their sorption of As in the soil of an arsenated grapefruit grove. 
Soil samples were collected from three depths in the soil and the As 
was extracted using a modified Chang and Jackson procedure. A nearby 
non-arsenated grove was sampled and analyzed as a comparison. 

Lake Apopka was chosen for a more extensive investigation after it 
was found to have moderate levels of As in the water. Surface sediment 
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samples were collected at various distances from the Winter Garden sewage 
treatment plant and citrusprocess'ing plant and from theIllucK, farm 
pumping station on the opposite s'ide of the lake. The modified Chang 
and Jackson procedure was also applied' to th~se s'ediments. 'The ability 
of Lake Apopka sediments to, sorb and release As' was investigated by 
spiRing the sediments with'arsenate and arsenite in aquarium simulations. 
Samples of water hyacinthS' and catfish were also collected from Lake 
Apopka and analyzed to determine the degree of bioconcentration. 

In order to, determine the effects of sulfide on As removal from 
water, another experiment was designed using three 2.5 .l/, plexiglass 
cylinders in which l.l/, of a high sulfide anaerobic mud from residential 
"finger" canals in Port Charlotte, Florida, was placed. The cylinders 
were then filled with As spiked·water from the bay at Port Charlotte, 
were stirred at different rateS', and were sampled periodically. 

.. . .... 

B I ANAL YTI CAL METHODS 

A prerequisite for the investigation of arsenic at trace levels in 
natural waters is the availability of a method sensitive enough to 
determine the low levels normally found in water with a .reasonable degree 
of accuracy. From the previous literature review it appears that a 
number of methods are suitable for this investigation: the differential 
pulse polarography technique of Myers and Osteryoung (1973), the 
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molybdenum blue method of Johnson andPi1son (1972), the silver diethy
ldithiocarbamate method iIi StaIidardMethdds (A.P.H~A. 1971) and its modification 
by Clement~and Faast (1973), the extraction and carbon rod atomizer 
method of Tam (1974), the reduction of As in the sample to arsine and 
determination by atomic absorption spectrophotometry (Dalton and Malonoski 
1971), its automated versions by Goulden and Brooksbank (1974) and by 
Kan (1973), and the reduction to arsine-microwave emission technique 
of Braman and Foreback (1973). 

All of the above methods are capable of determining the oxidation 
state of As with some modification of the procedure or sample pretreatment. 
However, when the additional requirements of speed and applicability to 
a large number of samples are considered, the automated procedures are 
preferable. Of the automated procedures, the one developed by Kan (1973) was 
selected for this research because of its relative simplicity compared 
to other automated manifolds and because of the widespread acceptance 
of the sodium borohydride reduction of arsenic to arsine. This manifold 
is also easily converted from one that reduces the total As to arsine to 
one that only reduces the arsenite to arsine. This was accomplished by 
applying the findings of Braman and Foreback (1973) that only arsenite 
is reduced to arsine by sodium Dorohydride when potassium biphthalate buffer 
(pH 4 to 5) is- substituted for hydrochloric acid. The manifold (Figure 7-1) 
i,s easily transformed to an arsenite-specific manifold by placing the tube 
for hydrochloric acid into a potas'sium biphthalate solution. ' 

Determinations of arsine by atomic absorption spectrophotometry can 
be accomplished by both flame and flameless techniques. Flame techniques 
are more common and an argon-hydrogen;"entrained air flame was used in the 
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Figure 7-1. Automated Manifold for the Reduction of Trace Levels 
of Arsenic in Water to Arsine and a Gas-liquid Separator. 



early parts' of this research: : However , ,non""atomic absorption by the flame 
and relatively short, residemce times' of the arsenic in the absorbing region 
of the flame, result in this method being less sensitive than flameless 
techniques. The silica tUDefurnace'developedby Goulden and Brooksbank 
(1974) was th,en adopted for, this research (Figure 7...,2). Along with its 
increased sensitivity, and lower-detection limit,it requires no 
hydrogen other than that produced in the reduction reaction and requires 
only minimal amounts of argon.' 

The following reagents were 'prepared and used in the automated 
manifold as depicted in Figure 7-1: 

Concentrated HCi, Reagent Grade: 'Distilled' 
Dei,onized Water, 1:1:.. evlV) : 

Potassium Biphthalate Solution, prepare as follows: 

Dissolve 20.42 g reagent.- grade potassium biphthalate 
in distilled detonizedwater' and dilute to 250 mI. 

Sodi~m Borohydride Solution, prepare as follows: 

:Dissolve 1 g,reagent grade,Sadiumhydroxide in 
distilled deionized water, add 5g reagent grade sodium 
borohydride and dilute to' 100 ml ~ , , 

The procedure obserVed i,n setting up and performing the analysis was as 
follows. The appropriate tUDes from the automated manifold are placed 
in the wash water, sodium borohydride solution, and either 1:1 HCl 
or potassium biphthalate,' depending on whether total arsenic or arsenite 
is to be determined. The system is allowed to reach a steady state, during 
which the silica tube furnace is heated to 750°C. After a steady 
baseline has been achieved the sample tube is transfered from the wash 
water to the sample for two minutes and then in the wash water for 
two minutes before proceeding to the next sample . 

.. - -. -. 

C I CoLLECT I ON AND TREATMENT OF SAMPLES 

Most of the sampling was accomplished by collecting "grab" samples 
using a weighted polyethylene bottle on the end of a line cast into the 
main body of a stream, lake, or river. In some cases sampling was done 
from a boat; small lakes were sampled from docks or shore. For small, 
shallow lakes, which are generally well mixed, on~~amp!e~a!LJ:'J~garded 
as sufficient to represent the lake-~~ Largelakes, such as Apopka and 
Okeechobee, were sampled in s-everal locations. 

After collection, all s-amples'were acidified to approximately pH 2 
with hydrochloric acid to preserVe the arsenite in the sample. All 
samples were analyzed as- soon as, possible after' collection, usually 
within 3 days. 
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In addition to the analysis, of water samples it was necessary to 
extract As adsorbed onto soils, and sediments. This was, accomplished 
by two methods. The firs,t 'procedure used was the modified' Chang and 
Jackson procedure used to deterininethe constituents of the soil or 
sediment to which the As is adsorbed'. A flow diagram for the procedure 
is given in Figure 7-3. The following reagents were used. 

dissolve 51.5 g reagent gr~de'ammol).ium 
chloride in distilled deionized water 
and dilute to 1 liter. 

0.5 N NH4F: dissolve 12.5 g reagent grade 
, ammonium fluoride in distilled 

deionized water and dilute to 1 liter. 

Saturated NaCl: dissolve reagent grade sodium 
'chloride in distilled deionized water 
until a solid phase persists. 

1.0 N NaOH: dissolve 40 g reagent grade sodium 
hydroxide in distilled deionized water 
and dilute to 1 liter. 

?oncentrated H2S04 

0.3 M Na-citrate: dissolve 104.4 g reagent grade 
sodium citrate pentahyctrate in distilled 
deionized water and dilute to 1 liter. 

Na2S204: sodium dithionate 

2 N H2S04 

0·5 N H2S04 

A simp1~ extraction by acid ammonium oxalate was used to recover 
arsenic sorbed by Lake Apopka sediments in the sediment sorption experiment. 
Jacobs 'etal. (1970) found that a single oxalate extraction quantitatively 
recovered added arsenic from equilibrated soils. The composition of the 
reagent and procedure are as follows: 

Tamm Reagent (acid ammonium oxalate) 

Dissolve ,24.9 g ammonium ox~la~e and 12.6 g 
oxalic acid in distilled delonlzed water and 
dilute to 1 liter. (pH=:3. 25) 

Procedure: 

Combine :3 g of air 'dry soil with 100ml ~f , 
Tamm Reagent and shake'for 1 hour, centrJ..fuge 
and analyze supernatant. 
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-f' add 25 ml 
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waste 

saturated NaGl, mix 

waste 

O.i N NaOH and shake 17 hours 
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utes and. heat to 75°G in a water bath 
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"reductant soluble" arsenic 
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"calcium" arsenic 

Figure 7-3. A Modified Chang and Jackson Procedure for the 
Fractionation of Arsenic in Soils and Sediments 
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The procedure used by George' et; al. (1973) was adapted for the analysis 
of water hyacinths and catfish' from Lake Apopka. The ti,ssues were 
blended and 10 g of the tissue placed in a crucible with 3 'g MgO. The 
mixture was chared over a flame until the evolution of smoke ceased, cooled 
and 3 g Mg (NO 3 )2* 6R 0 added. It was' then ashed in a muf fie furnace at 
555°C for 2 hours. 2After cooling, 10 m1 distilled deionized water was 
added to moisten the ash and the ash was dissolved in 6 N RC1 and trans
fered quantitatively to a 100m1 volumetric flask and diluted to the 
mark with 6 N RC1. 
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CHAPTER 8. MSENIC IN FLORIDA WATERS!RESULTS,ftNI) DISCUSSION 

A. STORAGE AND PRESERVATl-ON OF SfoMPLl::S 

In the initial phases of this study, when total arsenic was the 
only form analyzed, samples were collected and stored in polyethylene 
bottles with no preservative. Portmann and Riley (1964) reported 
that equilibrium was attained' by samples stored in polyethylene 
bottles after 10 days with an approximately 6 percent loss of arsenic. 
An experiment was conducted as outlined in the previous chapter to 
determine the effectiveness of four preservative methods on arsenic 
in water samples, and the results are presented in Table 8-1. No 
significant loss of arsenic occured with any of these techniques, 
including no preservatien, except fer the mercuric chleride treated 
Bivens Arm Lake water sample. No, explanatien is given fer this result 
value, but mercuric chleride was net added to, any ef the samples used 
in this study. 

In the later phases ef this study a methed fer arsenite analysis 
was develeped, and a methed ef preventing exidatien ef arsenite to, 
arsenate was necessary. The same pres-erVatien metheds examined fer 
tetal arsenic preservatien were tested fer arsenite preservatien, 
and the results are tabulated in Table 8-2. The additien ef mercuric 
chleride resulted in the tetal less ef arsenite frem all samples. 
The reasen fer this less was net further investigated; perhaps mercury 
salts ef arsenic are highly insoluble. Unpreserved samples had a 
rapid less ef arsenite, generally within a few days. Beth acidificatien 
to, pH 2 and simple refrigeratien were feund to, inhibit but net cempletely 
step the exidatien ef arsenite. A cembinatien ef refrigeratien and 
acidificatien and analysis within 3 days was used fer arsenite 
determinatiens. Nene ef the preservatien techniques tested was feund 
effective fer preserving arsenite in drinking water, undeubtedly due 
to, the exidatien ef arsenite to, arsenate by chlerine in the water. 
This also' implies that arsenite weuld net be feund in chlerinated 
drinking water. 

B. ARSENIC IN MUNICIPAL WATERS AND SEWAGE 

Samples ef raw and treated drinking water frem 18 Florida 
municipalities were cellected by mail with the assistance ef treatment 
plant eperaters. Only 3 eut ef18 raw waters and 4 eut ef 18 treated 
waters had detectable ameunts ef As (in this early werk the detectien 
limi.t was 4 1-1g/~). All values were well below the USPHS drinking 
water s-tandard ef 10~g/l. Becauseef the lew cencentratiens and 
inadequate sensitivity ef the analytical methed,ne conclusiens 
ceuld be made regarding the effectiveness ef water treatment on arsenic 
remeval from drinking water. The highest value feund was 6 llg/l in 
treated water frem West Palm Beach.' ' 
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Table 8-1. 
of Four Preservation Techniques for Arsenic Effectiveness 

Water Samples 
-- Bivens Arm Lake 

Univ. Florida
Sewage Plant 
Effluent 

Gainesville/Fla. -
Drinking Water 

Treatment 
Unpreserved 
HgC1 2 

- pH 2 _ 
_Re fr igera te d 
Unpreserved 
HgC1 2 
pH 2 
Refrigerated 
Unpreserved 
HgC12 
pH' 2 

-Refrigerated 

- * 
Arsenate (Jlg/l) remaining in 

sample after: 

_ 2 Days 2 Weeks 

-20 19 
20 1.5 

-20 19 
2D 1? 
22 20 
2120 
24 '24 
22 21 
20 21 
22 21 
22 22 
20 22 

~} 

All samples spiked with 20 Jlg/l of As V -



Table 8-2. 
Effectiveness of Four Preservation Techniques for Arsenite 

. * / Arsenlte (~g 1) remalnlng in 
sample after I 

Water Samples' Treatment 1 Day 3 Days 10 Days 
Bi yens Arm Lake Unpreserved 56 ND ND 

HgC1 2 ND ND ND 
. pH 2 . 61+ 51 50 
Refrigerated 52 43 30 

Univ. Florida Unpreserved 56 26 ND 
Sewage Plant HgC12 ND ND ND 
Effluent pH 2 48 32 36 

Refrigerated 50 40 31 
Gainesville, Fla .. Unpreserved 3 ND ND 
.Drinking Water HgC12 c ND ND ND 

pH 2 E ND ND 
Refrigerated ND ND ND 

* All samples spiked with 50 Jlg/l of As III 

ND= Less than 2 Jlg/l 



Arsenic i.s presemt .. inlaundry-·detergents, apparently as a contamip.ant 
of phosphate (Arigino et a1. 1970}, and consequen tlyit was thought th.at 
significant levels of arsenic might· occui:' in sewage.· Arsenic levels 
were inonitoredin the raw and treated· s·ewage using automatic samplers to 
collect samples at eight hour intervals for an 8 day period from the 
Gai.nesvi1le,· Florida, treatment plant. Contrary to what was antici
pated,' ·however, As levels in both .the raw and treated sewage rarely 
exceeded the detection limit of 211g/l, .. andthe maximum concentrations 
found during the sampling were about 2 llg/l, in both the raw water and 
the effluent. Arsenic in the effluent appeared to follow the raw sewage 
levels with a slight lag indicating little removal of As within the 
sewage treatment plant. 

.. .- .. - _. . .. . .... .... . .. _ .. 

C. ARSENIC IN FLORIDA SURFACE ~~TERS AND SPRINGS 

The results of the analysis of 32 lakes and ponds from throughout 
Florida are presented as a histog.ram i.n Figure 8-1. The mean concen
tration for the samples was 1. 25 llg/1. These results are comparable 
with those reported by the USGS (1974). Lake Apopka had the highest 
As concentrations of the sampled lakes and was selected for further 
investigation. The individual concentrations for the lakes and ponds 
sampled are lis ted in Table 8-3. Four springs in north Florida were 
also sampled for As and all had undetectable amounts «1 llg/l). 
These are Alexander Spring (Ocala National Forest), Blue Spring (Volusia 
Co.), Jenny Spring (Columbia Co.), and a spring draining into the Devils 
Millhopper sink hole, (Alachua Co.). 

The total As and arsenite concentrations of some miscellaneous 
stream and river samples not included in the following section on 
selected drainage basins are listed in Table 8-4. A frequency 
distribution histogram of all of the stream and river sample As concen
trations is presented in Figure 8-2. This distribution is similar 
to that for the lake samples except for the high value for the sample 
taken from Sweetwater Creek just below the Oviedo(Seminole Co.) sewage 
treatment plant outfall. 

Table 8-4. Arsenic Concentrations in Selected Florida Streams 
.. ti'Yle"8 (~l) 

Location 

Caloosahatchee River at Moore Haven, Glade 
Fisheating Creek '. SR 70, Highlands Co. 
Kissimmee River, SR 78, Glade Co. 
Loxahatchee River, 2 miles from ocean, 

Palm Beach Co. 
Shell Creek, Charl.otte Co. 
Taylor Creek, US 98, Okeechobee Co. 

*N.D < I llg/l 

Co. 

Total 
Arsenic 

1 
ND* 
ND 
3' 

1 
2 

Arsenite 

ND 
ND 
ND 
ND 

ND 
ND 
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Lake Alice, Alachua Co. 
Lake Altho, Alachua C~. 
Clear Lake, Alachua Co. 
Lake Lochloosa, Alachua Co. 
NewnansLa.ke, Alachua Co. 
Orange Lake, Alachua Co. 
Lake Santa Fe, Alachua Co. 

Arsenic (Ug/l) 
ND 

Li ttle Lake Santa Fe, Alachua' Co'. 
Lake #20, Alachua Co .. 

.Lake Brooklyn, Clay Co. 
Lake Geneva, Clay Co. 
Lake Okeechobee, Hendry Co~ 
Lake Glanada, Highlands Co. 
Lake Istopoga, Highlands' Co. 
Lake Jackson, Highlands Co. 
Lake Josephine, Highlands Co. 
Lake Lillian, Highlands Co. 
Lake Placid, Highlands Co. 
Unnamed Citrus Grove Ponds, Lake Co. 
#1 (surrounded byarsenated grove) 
#2· (~ mile from arsertated grove) 
#3 ( in grove next to U.S. 27) 
Lake Apopka, Orange Co. . 
Lake Lancaster, Orange Co. 
Blue Lake, Polk Co. 

.LakeC . ch, Polk Co. 
Crooke ake, Polk Co. 
Lake L., '-ngston, Polk Co. 
Lake'Moody, Polk Co. 
Lake Reedy, Polk Co. 
Lake Harney, Seminole 
Lake Jessup, Seminole 
Lake Monroe, Seminole 

ND ~ less than 2 ~g/l 
ND*= less than 1 ~g/l 

Co. (average of 6 samples) 
Co. (average of 7 samples) 
Co. (averag~ of 8 samples) 

ND 
ND 
ND 
ND 
ND 
ND 
4 
3 
ND 
ND 
3 
ND* 
ND * 
4 
ND*. 
1 
ND* 

3 
2 
2 

10 
ND* 
ND* 
ND* 
ND* . 
ND* 
ND* 
2 
ND 
3.6 
2.1 
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Hogtown Creek, Gainesville, Florida 

Figure 8-4 depicts the As concentrations in the RogtownCreek 
drainage basin at low flow' during a period of no rain on July 5, 
1975, and at high flow after a strong rain on July 8, 1975. 'Th,e west 
branch of Hogtown Creek receives run-off from a primarily residential 
area and the east branch receives run-off from business, residential 
and industrial areas. Arsenic concentrations at both low and high 
flow were generally very low with no significant differences between 
them. Slightly elevated As concentrations were discovered in the 
north-east branch of the creek; this branch was also polluted with 
oil and miscellaneous debris which possibly could have been the 
source of arsenic. 

Middle St. Johns River 

The Middle St. Johns River receives water from a variety of 
sources including agricultural runoff, sewage effluents, and urban 
runoff. The three lakes, Jessup, Monroe, and Harney, and all the 
major tributaries of this river system were sampled and analyzed for 
As. The res.ults are presented in Figure 8-5. Due to a poor detection 
limit of 4 ]lg/l in the early phase of the project during which these 
samples were obtained, the majority of the samples were below the 
detection limit. Detectable amounts were encountered in Lake Jessup, 
probably as a result of the high concentration of arsenic in Sweet
water Creek which receives sewage effluent from Oviedo and drains 
into Lake Jessup. No other detectable amounts were found except for 
one sample collected near the marina at Sanford. 

Peace River and Associated Creeks 

The Peace River originates at Lake Hancock and flows southerly to 
the Gulf of Mexico at Port Charlotte. The Peace River receives 
wastes from the phosphate mining industry, and for this reason it was 
expected that significant As concentrations might occur in the river 
because of the association of arsenic with phosphate. The results from 
samples taken September 17, 1975, are presented in Figure 8-6 and 
indicate that the levels of As in the river and its tributaries were 
low--only a few ]lg/l. 

-. . .. . . . 

E. ARSENIC SoRPTION BY SOILS AND SEDIMENTS 

From the above results indicating low concentrations of arsenic 
in Florida waters and from the cheinical similarities of arsenate and 
phosphate, it was conjectured that s'orption by soils and sediments 
is the dominant process in the removal of arsenic from natural waters. 
In order to investigate the mech,artisms, involved in arsenate sorption 
a modified Chang and Jackson fract~onation procedure described in 
Chapter' 7 was applied to soil s'amples from an arsenated citrus grove, 
a non~arsenated citrus grove and s'ediment samples from Lake Apopka 
(Table 8-6). Locations of the surface sediment samples taken from 
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Figure 8-4. Arsenic in Hogtown· Creek Drainage -Basin Before 
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Figure 8-5. Arsenic Concentrations in the Middle St. Johns River 
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, ~ a creek t Jo' ~ . 

ND 

10 mi. 

ND ::: less than l').lg/l 

l?igure 8-6. Arseni.c Concentrations in the Peace River and 
Associated' Creeks,;-. September 17, 1975 
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Table 8-6. Arsenic Content of Several Sediment and Soil Components 
From Lake Apopka, a Nonarsenated Citrus Grove and an Arsenated 
Citrus Grove Utilizing a Modified Chang and Jackson Procedure 

Lake Apopka 
#1 
#2 
#3 
#4 
#5 
#6 
117 
#8 

Nonarsenated Grove· 
average of ) samples 
0-)" 
9-15" 
21-24" 

Araenated Grove. 
averlitge of J samples 

0-8 cm 
23..:.38 cm 
52-61 cm 

Water 
Soluble 
4.08 
2.82 
0'.86 
1.89 
1. 62 
2·51 
4.74 
2.58 

ND 
ND 
ND 

0.)4' 
0.1) 
ND 

Aluminum 
0.74 
0.56 
0.19 
0.)0 
0.)0 
0.49 
0'.69 
0.41 

ND 
ND 
ND 

0.71 
0.)6 
ND 

*' Extracts 

Iron 
0.92 
2.47 
1.09 
0.91 
1.)5 
0.52 
0.7) 
1.6) 

0.14. 
0.09 
.0.1) 

4.05 
1.6J 
;1.17 

Reductant 
Soluble 

ND 
ND 
ND 
ND 
ND. 
ND 
ND 
ND 

0-.15 
ND 
ND 

0.)5 
0.20 . 
0.20 

Calcium 
0.57 
0.)6 
1.18-
1.41 
1. 0) 
1.49 
·1.65 
1.28 

ND 
ND 
ND 

0.44 
0.17 
0.14 

* all concentrations are ).lg/g dry weight 
ND == less than 0.05 )1g/garsenic 

Total 
6.)1· 
6.21 
).)2 
4.51 
4.)0 
5·01 
7.81 
5.9.0 

0.29 
0.09 
0.1) 

5.89 
2.49 
1.51 

00 
I.n 



Lake Apopka are depicted' in Figure 8-7. The results from the arsenated 
citrus grove samples indicate that As is readily sorbed by the soil. 
Surface soil samples' from. the arsenated grove contained approximately 
four times' as much total As as· sediments 50-60 cm deep. A nearby non
arsenated grove with similar s·oil characteristics contained one-twen~ 
ti.eth as much As. Nearly. all of the As in both soils was associated 
with iron. 

Analysts of the fractions from the Lake Apopka sediments indicate 
larger total As concentrations' than these for the arsenated citrus 
groves and larger than those reported for most Florida lakes by the 
United States Geological Survey (1974). Total As in the sediments 
increases in proximity to both the muck farm pumping station and the 
Winter Garden sewage treatment plant and citrus processing plant. The 
only exception was a sample taken 50 meters from the muck farm pumping 
station. This sample had a high sand content, probably caused by rapid 
settling of the heavy particles close to the pump. Figure 8-8 shows 
the average distribution of As ameng the various components for the 
arsenated citrus grove soil samples and for the Lake Apopka sediments. 
Significant differences were found between the arsenated grove soil 
and the sedime~ts from Lake Apopka. Lake Apopka sediments had a 
majority of its As associated with the "water soluble" fraction and 
nearly equal amounts of As ass'ociated with the "iron" and "calcium" 
fractions. The arsenated citrus grove soil had almost all of its 
As associated with the "iron" fraction. The relatively lower concen
tration of As associated with the "iron" fraction in Lake Apopka 
sediments may be the result of the reduction and resolubilization of 
i,ron in anaerobic bottom sediments. 

In order to evaluate the capacity .of Lake Apopka sediments for As 
sorption, experiments were performed in the lab using Lake Apopka 
sediments. Figure 8-9 shows the results obtained by placing Lake 
Apopka sediments spiked with As in aerebic and anaerobic aquaria. The 
sediments were originally spiked with equal amounts of arsenite and 
arsenate (10 ]1g/g dry wt.), but after 6 hours no arsenate was detected 
in the interstitial water, and arsenite was the only form present in 
the interstitial water for the remainder of the experiment. Differences 
between the aerobic and anaerobic aquaria were'relatively minor indi~ 
cating that dissolved oxygen in the overlying water was not a 
fKtor. 'I'IId8 alao '''''eet_ a re1att.l,. _11 role for iroa fa 
IiJ~I.!·~_.;- ~"'.IW.:1.' •• ~ .... ..... . 
__ ~te .... ,_ .. 1 .......... rei .......... tll&e trca wu lItolueiHzed 
lD-, r .... t:la to 'err_ i_. Alt: •• M _._ drte 'mt.ntitial water 
and the overlying water appeared te achieve steady state levels of 
approximately 60 and 40 pg/1 respectively. The decrease in interstiti.al 
water concentrations did not cause a corresponding decrease in the 
total As content of the sediment, suggesting that sediment binding 
of As is more or less irrevers.·ible.· 

Results' for the anaerobic sorption ,of arsenite by sJ:~.lfi<ile""eontaining 
sediments are present.ed in Figure 8-10. The water in the cylinders 
was spiked with 200 llg of arsenite for an initial aqueous concentration 

of about 135 ].lg/l. The quiescent and slow stir cylinders removed .only 

86 



Montverde 

W~-+--~E 

5 
Muck Farm 

--~~6·-.' Pumping --.., . Station 
• -, 

1 7 8 . 

... . 
1 mi. 

4 2 

! 1 Sewage Treatment 
3~ •. o.Plant and Citrus 

1 --'"' Processing Plant 

Winter Garden 

Figure 8-7. Locations of Surface Sediment Samples From 
Lake Apopka - October 10, 1975 
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a small portion of the total' ars'enite',a.fter'48 hours. The cylinder 
with fast stirring removed'the As at a fas,t, ,rate but a malfunction 
in the stirring motor occurred after' 2 hours. At the fast stirring 
rate the sediments were suspended', and at th~ slow stirring rate only 
the water was mixed. The slower rate of As removal for the quiescent 
and slow s,tir cylinders indicates that mass transport (diffusion) of 
arsenic into the sediment is the controlling factor. The removal of 
arsenite in these sediments could have been caused by sorption onto 
the sediments or precipitation of realgar (AsS) or orphiment (AsS g). 

The latter is unlikely since realgar and orphiment normally do not 
precipitate above pHS. 5, and the pH in these cylinders was 7. o . 

••• -- •••• - • - • < ••• - • - _ •• '. '-' -- • _. 

FI ARSENIC UPTAKE BY VIATERHYACINTHS AND CATFISH IN LAKE ApOPKA 

Arsenic concentrations for two species of catfish and waterhyacinths 
from Lake Apopka are listed in Table 8-7. Lake Apopka is a major 
source of commercial catfish in ~lorida and bioconcentration of As 
by the catfish could pose a health hazard. Fortunately, both species 
of catfish containednondetectable amounts ,of As. However, the limited 
sample is insufficient for generalizations, and further work should 
be undertaken on this topic. The Waterhyacinths had relatively high 
concentrations of As, probably attri,butable to the chemical similarity 
of arsenate and phosphate and the uptake of arsenate along with 
~~ • .., tile eet ...... eemdt. 

Table 8-7. Arsenic Concentrations for Two Species of 
Catfish and Waterhyacinths From Lake Apopka 

ORGANISM ARSENIC CONCENTRATION* 

Catfish (Ictaluranebulbsus) 
Catfish (Icta1uras natalis) 
Waterhyacinth' (Eichhbrniacrassipes) 

less than 0.05 ug/g fresh wt. 
less than 0.05 Ug/g fresh wt. 
0.95 ~g/g dry wt. 

* concentrations are the average of two samples 
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CHAPlER 9. SllM"ARY AND CONCLUSIrns paR ARSENIC ,STUDIES 

Review bf the literature rev-eals a multitude bf investigations of 
arsenic in qquatic environments... Howev~r, the maj ority of these studies 
have failed to distinguish the oxidation state of As, despite the 
greater toxicity of arsenite than arsenate. This failure is attribu
table to the previous lack of satisfactory analytical techniques. The 
meshod of analysis chosen for this study was flameless atomic 
absorption spectrophotometry using a silica tube furnace with the arsenic 
forms first reduced to arsine by an automated manifold. The method of 
Braman and Foreback (1973) for the differentiation of As forms by 
the pH dependence of arsenate reduction by sodium borohydride was 
applied to the automated manifold. The procedure was fast and 
accurate and had a detection limit of 1 ~g/l. 

Arsenic concentrations in natural Florida waters are generally less 
than 10 ~g/l, and the levels found in this study are in close agreement 
with the values reported by USGS (1974). The USGS survey of 380 
Florida waters also substantiates the following conclusions reached 
in this study: 1) Lake Apopka had relatively high concentrations of 
As compared to other lakes; 2) the Peace River has low As levels (only 
a few-ppb); and 3) south Florida canals have elevated As concentrations. 

Arsenate was found to be the dominant form in surface waters. 
Arsenite was detected in only one surface water; however, it appears 
to be an important form in anaerobic lake sediments. 

All of the municipal water supplies analyzed had As concentrations 
well below' the recommended drinking water level of 10 ~g/l. Because 
of the low levels, no conclusions could be made on the effectiveness 
of water treatment for As removal. The chlorination of drinking water 
rapidly oxidizes arsenite to the less toxic arsenate. The As levels 
in sewage from the Gainesville sewage treatment plant exceeded 2 ~g/l 
in only a few instances during 8 days of monitoring. 

The low concentrations found in Florida waters and reports in the 
literature that As is readily sorbed by soils and sediments indicate 
that the arsenic cycle in natural waters is sediment oriented. In
vestigations into the forms of As in soils and sediments revealed that 
arsenic is held primarily by iron in aerobic soils. In anaerobic 
sediments from Lake Apopka arsenic was found primarily in a loose "water 
soluble'!: phase. 

Laboratory studies of As sorpti.on and release by sediments from 
Lake Apopka showed little difference whether the overlying water was 
aerobi.c or anaerobic. This is probably due. to relative lack of iron 
compounds in the sediments. Under both condi.tions the As was irreversibly 
bound by the sediments and was not released when interstitial water 
concentrations decreased. Under turbulent conditions the removal of 
arsenite by sulfide~containing sediments is excellent. With less turbulence, 
diffusion of As into the sediment is the rate determining step. 
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Catfish from Lake Apopka'were found not tobebioconcentratingAs; 
however, waterhyacinths from the' lake h,ad significant levels of As, 
probably as a result of th~ uptake of As along with phosphate.' 

M:ethylated arsenic forms are present in th~ environment and may' 
repres€nt tmportant intermediates for the volatilization of arsenic. 
Reported values of methy,lated As are gener~lly less than 1 percent of 
the total As in natural waters' and methylated As apparently is not 
biomagnified or bloconcentrated as is methylated mercury. For these 
reasons methylated ars·enic was not investigated in this study. 
However, under some conditions methylated As maybe more important 
(e.g. in anaerobic sediments and possibly in anoxic lake hypolimnis), 
and further studies should be undertaken to evaluate the role of 
methylated arsenic forms in the cycling and transport of arsenic in 
the environment. 
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