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INTRODUCTION 

Technological advances in modern industry have resulted in genera-

ting a variety of wastes containing specific materials which sometimes 

require specialized treatment. One of these materials is a reduced 

sulfur compound known as thiosulfate. Thiosulfate wastes are not numer-

ous but they do present a problem when considering the preservation 

and maintenance of a stable environment. Although thiosulfate is not 

generally considered to be a toxic material, its presence in an aquatic 

environment can result in adverse effects due to its characteristic 

feature of being biologically oxidized to sulfuric acid. Of the vari-

ous treatment schemes which have been used for the removal of thio-

sulfate, processes utilizing biological methods have proved to be both 

efficient and economical. 

In conjunction with the progress of modern industry, the field of 

wastewater treatment has also made numerous advances. One of the most 

recent developments is the application of fluidized bed technology to 

biological wastewater treatment. 

The main purpose of this investigation was to further advance 

both thiosulfate treatment and fluidization technology by evaluating 

the possibilities of biologically oxidizing a synthetic thiosulfate 

waste in a laboratory scale fluidized bed. Other characteristics rele-

vant to thiosulfate oxidation were also investigated. 

1 



LITERATURE REVIEW 

The following discussion is devoted to a review of the available 

literature which is considered to be relevant to the objectives of this 

research. The topics of discussion include: thiosulfate properties, 

thiosulfate wastes, treatment of thiosulfate wastes, sulfur bacteria, 

oxidation pathways of thiosulfate, biological films and fluidized 

beds. 

Thiosulfate Properties 

General Chemistry. Thiosulfate is a reduced, inorganic sulfur com-
-2 pound with the chemical formula s2o3 • The thiosulfate ion may be 

depicted as having a tetrahedral structure with a hexavalent sulfur atom 

at the center (1): 

s 

I 
s 

/!~ 
0 0 

The thiosulfate ion may be viewed as being derived from a sulfate ion 

by substitution of an oxygen atom by a sulfur atom (1,2). In general, 

any compound in which sulfur in oxidation state -2 is substituted for 

oxygen is called a thio-compound (2). 

Preparation of thiosulfate. Thiosulfate is frequently prepared as 

a sodium salt by one of the following three methods (3): 

2 
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1. The reaction of a normal sulfite solution with finely ground 

sulfur. This process is usually used in commercial production of 

alkali thiosulfates: 

(1) 

2. The reaction of a sulfide and a sulfite: 

(2) 

(3) 

3. Careful oxidation of a sulfide: 

(4) 

(5) 

Uses of thiosulfate. Commercial uses of thiosulfate are not ex-

tensive. The largest, industrial applications are as photographic 

fixers and as dechlorination agents (2,3,4,5). 
-2 The thiosulfate ion, s2o3 , forms a complex with the silver ion. 

This complex ion is of particular importance in photography. A solu-

~ion of sodium thiosulfate, known as hypo, dissolves the unreduced 

silver ions in an exposed photographic emulsion according to the 

following reaction (4): 

The image is then fixed permanently in the film. The fixed image is 

called a negative. 

The oxidation of thiosulfate by chlorine is of technical impor-

tance in the use of thiosulfate as a dechlorination agent in the bleach-
-2 ing industry, where excess chlorine is destroyed by s2o3 • Sulfate is 
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the common oxidation product of thiosulfate when a strong oxidizing 

agent such as chlorine is employed (4): 
-2 + Sz03 + 4Clz + 5Hz0 + 2HS04 + 8H + 8Cl-. (7) 

Various volumetric analyses in water chemistry require thiosulfate 

reagents as a secondary standard (6,7). Some of these include the 

determination of concentrations of sulfite, ozone, and dissolved oxygen. 

The value of thiosulfate in these analyses is its characteristic ability 

as a relatively strong reducing agent. 

The tendency to use concentrated fertilizers to reduce transport 

costs has led to the development of ammonium thiosulfate as a recent 

fertilizer (8,9,10). Following application of the fertilizer, the 

thiosulfate sulfur is made available to plant life through the numerous 

metabolic pathways of the various sulfur bacteria. 

The use of thiosulfate in the medical profession has been reviewed 

by Senning (4). Sodium thiosulfate has found medical use due to cer-

tain pharmacological effects of the thiosulfate ion. The compound is 

thus used in dermatology as an antimycotic and antiparasitic agent. 

Sodium thiosulfate is also a well known antidote in cyanide poisoning, 

its antidotal effect being described as early as 1895. The effect of 

thiosulfate is due to an enzyme catalyzed reaction between thiosulfate 

and cyanide, giving the relatively nontoxic thiocyanate and sulfite 

as products. 

The ability of thiosulfate to form complexes with heavy metal ions 

was earlier explored as a therapy for heavy metal poisoning, but thio-

sulfate is now considered to be ineffective for this purpose. A related 
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application of the metal binding properties of thiosulfate is found in 

gold-sodium thiosulfate treatment of rheumatoid arthritis. Gold com-

pounds have a beneficiary action on this disease but tend to decompose 

to elemental gold. This reaction is prevented if the gold atom is 

complex-bound to thiosulfate or to other sulfur containing compounds. 

Chemical reactions of thiosulfate. The numerous chemical reac-

tions and characteristics of thiosulfate have been extensively reviewed 

in various text books devoted to sulfur chemistry (1,3,4,5). 

Thiosulfates of alkali metals, ammonia, magnesium, cadmium, zinc, 

calcium, strontium, nickel, cobalt, iron(!!), and manganese(!!) are 

easily soluble in water and form well developed crystals with water of 

crystallization, e.g., Na2S203 •5H20 (3,4). Barium, silver, thallium(!) 

and lead salts are insoluble. 

Alkali thiosulfates form soluble complexes with many insoluble 

salts of the transition metals such as silver, mercury, copper, and 

gold. As previously noted, this is of considerable practical importance 

in photography where sodium thiosulfate is used as a fixer. 

Metals such as copper, mercury, lead, and silver that form in-

soluble sulfides are usually precipitated as sulfides when treated with 

thiosulfate (3). Mercury(!) dissolves in a Na2s2o3 solution but pre-

cipitates as HgS if warmed. Hg(II) forms a white precipitate which de-

composes almost immediately into HgS. The lead and silver complexes 

turn black rapidly if heated because of the formation of sulfides. 

Thiosulfate is relatively stable around pH 7 and can be autoclaved 

in aqueous solutions with little or no decomposition (1). Decomposition 
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may, however, be accelerated by metal ions. On boiling, alkaline solu-

tions of thiosulfate slowly decompose to sulfide and sulfate, sulfite, 

or trithionate depending on the conditions (1,3). 

The thiosulfate ion is a reducing agent of moderate strength, as 

indicated in the following equation (4): 

(8) 

Oxidation of thiosulfate by iodine, forming tetrathionate and iodide, 

is perhaps the best known reaction of the thiosulfates (4). It is the 

basis of all the numerous iodometric quantitative determinations of 

oxidizing agents: 

(9) 

Despite the extensive use of this reaction in analytical chemistry, its 

mechanism still remains unexplained in detail. The same oxidation re-

action is also reported to take place with other mild oxidants such 
-2 as Fe(II), Cu(II), Au(III), Mn04 , and Pb02 (3,4). 

Strong oxidizing agents such as chlorine and bromine oxidize thio-

sulfate to sulfate (3). In the oxidation of thiosulfate to sulfate by 

chlorine, the average oxidation number of sulfur rises from +2 to +6, 

whereas in the course of the iodometric oxidation of thiosulfate to 

tetrathionate the average oxidation number of sulfur is brought from 

+2 to +2.5. Therefore, in the oxidation of a given amount of thio-

sulfate the consumption of chlorine is eight times that of iodine (4). 

Acid decomposition of thiosulfate. The decomposition of acidified 

thiosulfate solutions has received intensive study (1,3,4,5,11,l2,13, 

14,15,16,17) and has been important in the development of the physical 
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chemistry of colloidal solutions (14,17). The products of the reaction 

have been determined (11,12,13,14,17). 

Acid decomposition of thiosulfate produces a complex mixture of 

various sulfur species (11,15,16): 

(10) 

Depending on the conditions, the products of this reaction are: colloidal 

sulfur, s 8 ,s 6 ; sulfur dioxide; hydrogen sulfide; sulfuric acid; polythionic 

acids, n2sxo 6 ; and sulfur oils, n2sx+l" Zaiser and La Mer (17) have also 
-2 listed sulfite, so 3 as a decomposition product. 

The yields of the various decomposition products depend on many fac-

tors, but the two most important are the initial concentration of thio-

sulfate and the concentration of acid. At low acidity the products are 

sulfur and sulfur dioxide, while at high acidity sulfur, sulfide, sulfate, 

and polythionic acids are formed, and at medium acidity sulfur containing 

oils are produced (5,16). 

An investigation by Zaiser and La Mer (17) has demonstrated how col-

loidal sulfur is produced in three distinct stages. The three stages can 

be summarized as follows: 

1. The homogeneous reaction. The reaction begins as soon as the 

acid and thiosulfate are mixed, and produces molecularly dispersed sul-

fur. This stage is terminated when the sulfur solution becomes suffici-

ently super-saturated for stable nuclei to form. 

2. The condensation stage. Here the rapid condensation of molecu-

larly dispersed sulfur upon the nuclei relieve the super saturation with 
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the result that the rate of subsequent nucleation is greatly decreased. 

3. The heterogenous stage. The sulfur droplets slowly increase 

in size by diffusion of dissolved sulfur to the particle surfaces. 

The results of this investigation (17) showed that the rate of 

sulfur appearance in the homogeneous reaction could be expressed as a 

function of the initial concentration of thiosulfate and the concentra-

tion of the acid used in the decomposition. The resulting rate equation 

can be expressed as follows: 

d(S) = k (N SO ) 312 (HCl)l/ 2 
dt a2 2 3 (11) 

This expression has since been confirmed (12,13). 

The homogeneous reaction proposed by Zaiser and La Mer has been 

further demonstrated (3). The observation has been made that if a 

thiosulfate solution is acidified and, before opalescence appears, 

is again made basic, sulfur will nevertheless be precipitated. It 

appears that the delay of precipitation is due to slow agglomeration of 

sulfur rather than slow decomposition of thiosulfate. 

Toxicity of thiosulfate. Senning (4) has cited extensive evidence 

showing that sodium thiosulfate and other alkali metal thiosulfates are 

compounds of a very low toxicity. Experiments on guinea pigs and dogs 

indicated that sodium thiosulfate became toxic at the very high dose 

level of 3-4 g/kg body weight. A dose of 1. 5 g/kg was, on the other 

hand, well tolerated. The thiosulfate dose recommended for treatment 

of cyanide poisoning to a human being is about 0.2 g/kg body weight. 

Doses of up to 0.4 g/kg body weight produced no sensations in human beings. 
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The oral toxicity of sodium thiosulfate is very low. Doses of 5-18 

grams given to human beings have had only a laxative action. 

Evidence of the toxicity of sodium thiosulfate on various aquatic 

species has also been cited (18,19,20,21,22). The toxic threshold con-

centration for the flatworm Polycelis nigra was found to be 8400 mg/1 

(18). The threshold concentration of sodium thiosulfate for the im-

mobilization of Daphnia magna in Lake Erie water was found to be much 

less than 520 mg/1 (19). The minimum lethal concentration for minnows 

has been reported to be 5 mg/1, for a 120-hour period (20,21). Using 

highly turbid water at 22-24°C, Wallen et al. (22), found the 96-hour 

median tolerance limit toward the mosquito-fish, Gambusia affinis, to 

be 24,000 mg/1. 

Thiosulfate Wastes 

Industrial wastewaters containing thiosulfate are not numerous. 

Although photographic wastes have long been known for containing rela-

tively high concentrations of thiosulfate, the available characteriza-

tion data for these wastewaters are not extensive (23,24). West (23) 

has reported on a motion-picture film processing waste containing an 

average thiosulfate concentration of 3480 mg/1. This thiosulfate con-

centration was cited as having a Biochemical Oxygen Demand (BOD) of 

1565 mg/1, representing 70 percent of the total BOD. Dagon (24) has 

reported characteristics of a photo processing waste with an average 

thiosulfate concentration of 374 mg/1, noting that this concentration 

represents 23 percent of the total BOD. 
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A characterization and treatability study of a sulfur dye waste 

has cited thiosulfate concentrations of both composite plant wastewater 

and press cake liquor at 3800 and 105,800 mg/1, respectively (25,26). 

Since it appeared from the initial characterization of the wastewaters 

that thiosulfate was the major oxygen consuming constituent of the 

wastes, the Chemical Oxygen Demand (COD) and BOD equivalent of reagent 

grade thiosulfate were determined (25). The COD and BOD in the waste 

were, respectively, approximated ta be 0.625 and 0.575 times the con-

centration of thiosulfate. 

Characterization of a flotation-mill waste generated from treating 

a lead-zinc ore containing pyrite and pyrrhotite showed a thiosulfate 

concentration ranging from 500-1000 mg/1 (27). Polythionates such as 

trithionate and tetrathionate were also shown to be present. This 

wastewater was also completely characterized for various macro and 

micro nutrients required by biological systems. 

Wastewaters from Kraft pulp mill processes (20,21) and gas house 

wastes (28) have also been reported as containing thiosulfate. 

Treatment of Thiosulfate Wastes. 

Wastewaters containing thiosulfate have been treated using various 

methods which include activated sludge, rotating bio-discs, trickling 

filters, reverse osmosis, and chemical oxidation (23,24,25,26,27,28,29, 

30,31,32,33,34,35,36,37,38). 

Using a bench scale activated sludge process, an investigation was 

conducted to determine the treatability of a sulfur dye waste containing 

thiosulfate (25,26,37). The controlling parameter throughout the 
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investigation was food to microorganism ratio (F/M) on a thiosulfate 

basis. The F/M was varied from 0.7 to 26.0. 

During the course of this investigation, the influent feed to the 

biological unit consisted of various combinations of domestic sewage 

and sulfur dye waste. Upon developing an autotrophic population of 

bacteria capable of oxidizing thiosulfate, oxidation of the domestic 

sewage ceased and the effluent pH was reported to drop to a level of 

2.0. The influent thiosulfate concentrations ranged from 700 to 2500 

mg/1 while the F/M ranged from 0.7 to 3.1. Ninety-five to 98 percent 

removal of thiosulfate was reported. 

Using the sulfur dye waste as a sole source of feed, the thio-

sulfate concentrations varied from 1000 to 4000 mg/1 while the F/M 

ranged between 8.1 and 26.0. Thiosulfate removal varied between 84 

and 100 percent and the effluent pH was reported to drop as low as 

1.8. It is of interest to note that detention times up to 32 hours 

were required for complete removal of thiosulfate at the higher 

loadings. 

Throughout this investigation sludge settleability was reported as 

being a severe problem once an autotrophic population was established. 

Compared to a typical heterotrophic activated sludge process both 

oxygen requirements and solids production were very low. Based on 

the results of the investigation, it was concluded that an autotrophic 

activated sludge process could be highly effective in removing the 

oxygen demand associated with a thiosulfate waste, and that a low pH 

in the process was an excellent indication that a high removal of 
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thiosulfate was being achieved. Phosphorus was also shown to play an 

important role in the oxidation of thiosulfate. 

In another investigation (29) concerning the oxidation of thio-

sulfate in an activated sludge process treating domestic sewage, a de-

terioration in the quality of the sludge was also noted. Analysis of 

the sludge showed that a large increase in the sulfur content of the 

sludge had occurred. As the sulfur content of the sludge increased, 

the ability of the sludge to oxidize thiosulfate decreased. It was 

assumed that sulfur was replacing active organisms since the sludge 

concentration remained fairly constant. During the study, the acti-

vated sludge unit was acclimated to remove up to 1300 mg/1 thiosulfate 

of which 34 percent was completely oxidized to sulfate. Oxidation of 

the sewage was satisfactory but a high effluent BOD was reported due to 

the remaining thiosulfate. 

Dagon (24) has reported on a photo processing waste treated by 

activated sludge. Characterization of the waste showed a thiosulfate 

concentration of 374 mg/1. Effluent thiosulfate concentrations were 

not reported. 

A study was carried out in New Brunswick (27) to determine the 

cause of an acid problem in the river system receiving wastewater from 

a floatation mill of a mining operation. The wastewater was shown to 

contain thiosulfate at concentrations of 500-1000 mg/1. Prior to 

discharge of the effluent from a tailing pond the pH was adjusted using 

lime. However, regardless of the pH at which it was discharged, the 

pH of the receiving stream dropped to 3.0 within a distance of 13 miles. 
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A laboratory scale, three stage, rotating bio-disc was evaluated 

as a possible method of treatment for the mining waste. Continuous 

flow studies using a synthetic feed demonstrated thiosulfate oxidation 

rates of 267 mg/ft 2/hr. Influent thiosulfate concentrations ranged 

from 1000 to 3600 mg/1 while the liquid residence time varied between 

38 and 131 minutes. The effluent pH throughout the investigation was 

stable at 2.0 and the conversion of thiosulfate to sulfuric acid was 

reported as being 92 percent. Reducing the temperature to 8.5°C at 

an influent thiosulfate concentration of 1000 mg/1 brought about thio-

sulfate oxidation rates of 146 mg/ft 2/hr. The effluent pH remained 

stable at 2.1, but conversion of thiosulfate to sulfate dropped to 

80 percent. 

Upon changing over to the actual mining waste at a temperature of 

8.5°C, the rotating bio-disc was shown to perform in similar fashion 

as compared with the synthetic feed. During the course of the entire 

investigation sloughing of the attached solids was frequently encoun-

tered. 

During the time that synthetic feed was being used, nutritional 

studies concerning nitrogen and phosphorus were also conducted. Maxi-

mum oxidation rates at thiosulfate concentrations of 1000 mg/1 were 
-2 achieved at a s2o3 :N:P ratio of 1000:6.2:1.6. 

A laboratory scale activated sludge unit was also operated using 

the synthetic feed. The maximum thiosulfate oxidation rate was 

60 mg/1/hr compared to rates of 2800 mg/1/hr obtained with the rotating 

bio-disc under similar conditions. The bacteria attached to the walls 
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of the unit prevented the formation of a normal floe. Attempts to 

create artificial floes using peat were unsuccessful. 

Trickling filters have been used to remove low concentrations of 

thiosulfate (28) from gas house wastes. Application of 50 mg/1 thio-

sulfate to the filter resulted in complete oxidation with no deteriora-

tion of the quality of effluent from the filter. 

Reverse osmosis has also been applied for the recovery of thiosul-

fate from motion picture film processing wastes (23). Ninety-five 
2 percent recovery was achieved at a pressure of 600 lbs/in. The waste 

was concentrated from a thiosulfate concentration of 1500 mg/1 to 4200 

mg/1 with a product water discharge of 200 mg/1. 

Thiosulfate has been chemically oxidized by various compounds to 

remove it from wastewater (30,31,32,33,34,35,36). Some of the chemi-

cals which have been used include ozone, sodium chlorite, chlorine, 

hydrogen peroxide, and peroxydisulfate. The processes are all very 

_successful in removing the oxygen demand of thiosulfate, but the chemi-

cal requirements are very high for each of these possibilities. 

A group of refineries discharging thiosulfate were faced with a 

serious disinfection problem due to their high thiosulfate concentra-

tions (31). A total refinery discharge of approximately 315,000 pounds 

of thiosulfate per day indicated that about 800,000 pounds per day of 

chlorine would be required before any disinfecting chlorine residual 

would be attained. The cost would have been a minimum of $40,000 per 

day. In order to provide the maximum economical amount of disinfection, 

the refineries were required to store their thiosulfate wastewaters 
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and discharge them only one day per week. No chlorination was attempted 

on this day. 

A waste treatment process, patented by Eccles (38), consisted of 

establishing an "aqueous oxidative zone" using dilute sodium thiosulfate, 

ammonium hydroxide and phosphoric acid. The process was reported as 

being capable of converting thiosulfate to sulfate while maintaining a 

pH around 1.5. Seven to thirty days were required to establish the 

"aqueous oxidative zone." In a continuous flow application, a seven day 

detention time was required to maintain the "aqueous oxidative zone." 

In many respects this process is similar to an activated sludge process 

but no mention of this was made in the patent. 

Sulfur Bacteria 

Microorganisms play a very significant role in the overall sulfur 

cycle. Soil and water bacteria pass the sulfur atom through the various 

stages of oxidation illustrated below (5). Thiosulfate is an inter-

mediate product in the oxidation of sulfur to sulfate: 

Sulfide 
Oxidation 

Sulfur Oxidation 

Assiroilatory 
Sulfate 
Reduction 

Through assimilatory sulfate reduction, microorganisms produce 

organic material necessary for growth. The principal organic compounds 
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synthesized are the sulfur containing amino acids cysteine and methio-

nine (5). 

In the dissimilatory sulfate reduction step, inorganic sulfate acts 

as the terminal electron acceptor during anaerobic respiration. This 

process is conducted exclusively by certain bacteria, the principal ones 

belonging to the genera Desulfotomaculum and Desulfovibrio (5). 

Sulfide oxidation is carried out by various strains of sulfur-

oxidizing bacteria. It has been established that sulfide is oxidized 

to elemental sulfur and sometimes sulfate, but little is known about 

the chemistry of the sulfide to sulfur step. The majority of the sul-

fide oxidizing bacteria are sensitive to high concentrations of sulfide 

and select a very precise sulfide concentration for growth (5). 

Sulfur oxidation is carried out exclusively by microorganisms, the 

principal ones belonging to the genus Thiobacillus. The total metabolism 

of Thiobacillus is based on the oxidation of sulfur or reduced sulfur 

compounds to sulfate. 

The genus Thiobacillus has received considerable interest in the 

past resulting in comprehensive reviews on the general characteristics 

of these microorganisms (1,10,39,40). The members of this genus are 

gram negative, non-spore forming, aerobic rods, measuring 0.5 by 1-3 

microns, which except for the nonmotile Thiobacillus novellus, are 

polarly flagellated (39). Most all members of the genus use reduced 

sulfur compounds such as thiosulfate as electron donors and carbon 

dioxide as a carbon source. The majority of the Thiobacilli are capable 

of strictly autotrophic growth by oxidizing elemental sulfur, thiosulfate, 
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tetrathionate, sulfide, and sulfite (1,5,10,39,40). Typical substrates 

consist of either elemental sulfur or thiosulfate plus mineral salts. 

One recently described organism,_!. perometabolis, is incapable of 

strictly autotrophic growth although it derives energy from the oxida-

tion of inorganic sulfur compou~ds (41,42). 

Classification of the Thiobacilli into distinct species has been 

difficult since the organisms are separated according to their nutri-

tional requirements (1). A more rational approach to the classifica-

tion of the Thiobacilli based on multivariate analysis has recently 

been initiated (43,44). By this technique T. thiooxidans, !_. 

ferrooxidans, T. thioparus, T. neapolitanus, and.!• denitrificans have 

been identified as distinct species. This classification is supported 

to a certain extent by analyses of the DNA base composition of a number 

of Thiobacilli (1). 

The most distinct characteristic of the Thiobacilli is their 

tolerance to extremely acidic conditions. T. thiooxidans is commonly 

,:eportcd as being the moet acid :resistant cpeciea. Optimum pU for 

this organism is around 2.0 (1,40,45) but it is capable of lowering 

the pll to negative values while still being able to survive (39,40). 

Evidence presented by Rao and Berger (45) has shown that T. thiooxidans 

ceases to grow above a pH of 5.0, but raising the pH as high as 7.0 

does not cause death of the cells. Waksman and Starkey (46) were 

unable to initiate sulfur oxidation by T. thiooxidans in media con-

taining ten percent sulfuric acid, but their cultures were capable of 

producing concentrations of sulfuric acid up to ten percent lowering 
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the pH to zero. This same phenomena had been observed by a previous 

group of investigators (47). Hence, in the course of development T. 

thiooxidans adapts itself to high concentrations of acid. 

T. thioparus is one species of the Thiobacilli which cannot toler-

ate extreme acid conditions. The optimum pH for growth of this organ-

ism is reported as being near neutrality (1,39,40). T. thioparus is 

normally inactivated at a pH of 5.0 (40,48) but has been shown to sur-

vive in media where the pH was gradually lowered to 2.8 due to sulfur 

oxidation (40). It seems that under conditions in which the pH is 

gradually lowered by the growing bacteria, a certain adaptive toler-

ance to acidity is developed. 

Various investigators have reported on the effects of different 

initial thiosulfate concentrations in growth media (49,50,51,52,53). 

Using T. thiooxidans, Starkey (49) showed vigorous growth in a three. 

percent thiosulfate solution but observed completely inhibited growth 

in a ten percent solution. 

Vishniac (50) tested different thiosulfate concentrations on T. 

thioparus. His concentrations ranged from 100 to 9800 mg/1. Up to a 

concentration of 500 mg/1 thiosulfate, complete oxidation was observed. 

At concentrations higher than 2000 mg/1, oxidation was less than com-

plete, and sulfur precipitation was reported to be heavy. Each of the 

cultures was allowed to incubate for 48 hours. 

Parker and Prisk (51) cultured eleven different organisms in order 

to investigate their capabilities of oxidizing reduced sulfur compounds. 

T. concretivorus and T. thiooxidans were selected for their study on 



19 

the effects of varying the initial thiosulfate concentrations. Both 

organisms were subjected to thiosulfate concentrations ranging from 

1800 to 18,000 mg/1. Thiosulfate oxidation by T. concretivorus was 

not inhibited by 18,000 mg/1, although the time required for complete 

oxidation increased with an increase in thiosulfate. Thirty-five 

days were required for complete oxidation of 18,000 mg/1. Thiosulfate 

oxidation by T. thiooxidans was complete up to 4500 mg/1. At concen-

trations of 9000 and 18,000 mg/1 only about one-tenth of the thiosulfate 

was oxidized after twenty-five days. Low viable counts indicated that 

the higher concentrations exerted an inhibitory effect. 

Subjecting Thiobacillus X to thiosulfate concentrations up to 900 

mg/1 did not have adverse effects on this organism (52). At each con-

centration partially oxidized thiosulfate was accounted for as tetra-

thionate. Lineweaver-Burk plots of thiosulfate oxidation by T. 

ferrooxidans have shown maximum oxidation rates at a thiosulfate con-

centration of 11,200 mg/1 (53). 

Although most of the Thiobacilli are capable of strictly autotrophic 

growth, facultative forms are known (41,42). The utilization of organic 

compounds is in fact more widespread among the Thiobacilli than had been 

thought. Several of these organisms concentrate amino acids and glycer-

ol from the external medium (1). The incorporation of organic compounds 

including amino acids, Krebs' cycle intermediates and fructose into 

the cell material of strictly autotrophic Thiobacilli, has also been 

demonstrated (1). It has been reported that T. thiooxidans may, under 
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some circumstances utilize the energy from the oxidation of glucose for 

growth (1). 

Organic substances, added to a media containing elemental sulfur 

as the source of energy undergo certain changes which do not take place 

in media devoid of sulfur (54). According to Waksman and Joffe (47), 

organic substances such as glycerol, in low concentrations, have a 

slightly favorable effect on the growth of cultures in the presence of 

a good nitrogen source. However, sulfur oxidation is greatly suppressed 

by the addition of these substances in higher concentrations. Growth 

is effectively stopped in media containing ten percent glucose, but 

concentrations of glucose below five percent do not inhibit growth (55). 

In Starkey's opinion (55), glucose in low concentrations might be 

utilized in the presence of sulfur as a source of energy, a source of 

carbon, or as a source of both at the same time. Waksman and Starkey 

(45,56) found that oxidation of sulfur was suppressed by 0.1 percent 

concentrations of peptone and completely inhibited by one percent con-

centrations. Dextrose was found to be harmless for T. thiooxidans. 

The addition of one percent citric acid had no effect, but five percent 

and higher concentrations were found to inhibit the process of sulfur 

oxidation (55). 

Carboxylic acids such as succinatc, fumarate, and malate were found 

to enhance the respiration rate of.!_. thiooxidans and T. thioparus 

(39,57). Growth of T. thioparus is increased 20 to 40 percent in the 

presence of these acids (39). These added acids have no effect in the 

absence of either carbon dioxide or thiosulfate (39). 
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Vishniac and Santer (39) have established the specific effect of 

phosphates in the oxidation of thiosulfate by T. thioparus. The ex-

periments were conducted in a Warburg apparatus. From the amount of 

oxygen consumed, it was evident that thiosulfate and tetrathionate 

were incorepletely oxidized by the bacteria, in the absence of phos-

phates. Upon addition of phosphorus, oxygen consumption reached the 

e;cpected amounts. Chromatographs of T. thioparus cells, mixed together 

with labeled thiosulfate and phosphate, revealed compounds containing 

both labeled elements. 

The direct participation of phosphates in the oxidation of thio-

sulfate was proved e~-perimentally by Santer et al. (48). A suspension 

of T. thioparus cells completely oxidized thiosulfate in the presence 

of phosphate labeled in the oxygen atom. The labeled oxygen appeared 

in the final oxidation product, sulfate. Each sulfate had received its 

oxygen from phosphate. In the absence of phosphate, oxygen uptake 

reached only 70 percent of the theoretically possible amount, and by 

the end of the experiment, tetrathionate had accumulated in the media. 

BOD experiments by Kreye (25) have also demonstrated the importance 

of phosphorus in thiosulfate oxidation. 

According to Starkey (55), !· thiooxidans tolerates high concen-

trations of phosphate in the media. Oxidation of sulfur continued at 

concentrations of three percent potassium or sodium phosphate, but was 

noticeably suppressed when the concentration of sodium phosphate reached 

seven percent. 

Ammonia nitrogen is most conunonly reported as being the best 
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available source of nitrogen for most of the Thiobacilli (39,40,49,55). 

T. thioparus has been reported to use nitrates and nitrites but nitrites 

are toxic in concentrations of 0.1 percent (40). T. thiooxidans does 

not utilize nitrates or organic nitrogen sources such as peptone, urea, 

or any of the amino acids and nitrites are toxic (55). Concentrations 

of (NH4) 2so4 as low as 0.01 percent (21 mg/1 N) have been shown to be 

sufficient for complete oxidation of thiosulfate. 

Little is known about the requirements of the Thiobacilli for other 

elements of nutrition. Vishniac (39,50) has emphasized the necessity 

of adequate amounts of iron and magnesium to achieve good bacterial de-

velopment of!• thioparus. Sokolova and Karavaiko (40) have reported 

that oxidation of sulfur is stimulated by several cations in low con-

centrations such as zinc, cesium and lead. Using a mixed culture of 

Thiobacilli in Warburg experiments, Kreye (25) demonstrated that copper, 

lead, zinc and chromium in concentrations up to one mg/1 were not toxic 

to thiosulfate oxidation. Roy and Trudinger (1) have noted that ferrous, 

nickel or cobalt ions are required by T. thiooxidans for full activity 

of enzymes important to the metabolism of polythionates. Vishniac (39) 

has reported that enrichment of T. thioparus and!• thiooxidans for 

biochemical studies can be enhanced by the addition of trace quantities 

of zinc, molybdenum, copper, and cobalt. Nutrient requirements for 

many of the Thiobacilli have also been cited by Stephenson (58). 

The rate of sulfur oxidation by!• thiooxidans has been shown to 

increase with the addition of wetting agents such as Tween 80 and 

Tergitol 08 (59). Jones and Starkey (60) noted that, during the growth 
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of T. thiooxidans, sulfur originally floating on the surface of the 

medium became wet and settled to the bottom of the culture flask. Sur-

face tension measurements and other tests indicated that surface active 

agents were released by the bacteria during their most active phase of 

growth. A major component was later identified as phosphatidyl inositol 

(61) and was shown to wet sulfur and promote its oxidation by!• 

thiooxidans. Later research confirmed the excretion of phospholipids 

by T. thiooxidans (1). 

Various investigators have reported that Thiobacilli readily attach 

themselves to solid surfaces while oxidizing various substrates (27,62, 

63,64). A mixed culture of attached Thiobacilli on a rotating bio-disc 

has been used to treat a thiosulfate waste from a mining operation (27). 

The use of a laboratory scale activated sludge unit during this same 

investigation, failed to develop a dispersed floe due to the preference 

of the bacteria to attach themselves to the walls of the vessel. Pure 

cultures of T. ferrooxidans have demonstrated the ability to attach 

themselves to metal sheets (62) and sulfide ore particles (64). Electron 

micrographs of sulfur crystals partially oxidized by!• thiooxidans 

have provided conclusive evidence that this organism attaches itself 

during sulfur oxidation (63). Based on this evidence it is apparent 

that the availability of a large surface area should be beneficial in 

developing a wastewater treatment system culturing Thiobacilli organisms. 

Oxidation Pathways of Thiosulfate 

The oxidation of inorganic sulfur compounds has been extensively 

reviewed (1,4,39,40,65,66). These reviews have shown that all 
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Thiobacilli are capable of oxidizing thiosulfate; and sulfate, sulfur, 

and tetrathionate are the principal products of oxidation. Under ideal 

conditions, sulfate is the ultimate end product. 

The exact mechanism of thiosulfate oxidation and the differences 

which exist between various species of the Thiobacilli is not understood 

at the present time. It has been pointed out that many of the differences 

in oxidation rates and metabolic end products observed by various investi-

gators can probably be traced to the experimental conditions employed 

(1,65,66). 

The following equations represent the general view of the overall 

oxidation of thiosulfate by the Thiobacilli (67): 

(12) 

(13) 

(14) 

(15) 

The oxidation of thiosulfate by Thiobacilli is characterized by the 

formation of polythionates. The extent of polythionate accumulation, 

however, varies widely and depends on a number of experimental factors 

(1,51,52,68). These factors include the species of organism employed, 

the concentration of bacteria, the concentration of substrate, and the 

concentration of oxygen. Santer et al. (48) reported that polythionates 

accumulate only in the absence of inorganic phosphate. Suppression of 

polythionate formation from thiosulfate by high phosphate concentrations 
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was also found by Jones and Happhold (69). Nevertheless, phosphate 

containing media have been used by most investigators to demonstrate 

polythionate accumulation (1). 

Tetrathionate is generally the main polythionate which accumulates 

during thiosulfate oxidation (1). Trithionate and pentathionate are 

also formed. They generally accumulate in relatively small amounts but, 

under some conditions, they may be the main polythionates found (68,69). 

Vishniac (50) assumed that both pentathionate and trithionate are pro-

duced by the chemical disproportionation of tetrathionate which is en-

hanced in the presence of thiosulfate: 

(16) 

(17) 

Elemental sulfur is also a common product of thiosulfate metabolism 

by, Thiobacilli. It accumulates primarily outside the bacterial cell 

(1). The formation of sulfur is governed by experimental conditions 

such as increases in substrate concentration, oxygen limitation, and 

pH (50,52). Vishniac (50) attributed sulfur production to the extra-

cellular decomposition of pentathionate formed from tetrathionate: 

(18) 

There is now stronger evidence which attributes sulfur formation to 

specific biological reactions (1). 
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A summary of the above discussion and a picture of the postulated 

path of sulfur oxidation proposed by Vishniac and Santer (39) is as 

follows: 

Extracellular 

* -2 s2o3 dependent 

Biological Films 

Intracellular 

-2 s 

t s 

Continuous flows of a biodegradable substrate in an aqueous phase, 

over a solid surface leads to the development of a biological film at 

the solid-liquid interface. Bacterial cells initially become adsorbed 

as charged particles forming a monolayer. After multiplying over several 

generations, a biofilm of closely packed bacteria is formed. Over the 

period of time that the film is developing, the bacteria begin to ex-

crete extracellular polymers which strengthen the attachment between 

the cells themselves and between the initial layers of cells and the 
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solid surface. Substrate removal from the aqueous phase occurs through 

diffusion of all metabolic reactants into the film, metabolism by the 

organisms, and diffusion of the metabolic end products back through the 

biofilm into the aqueous phase. 

A conceptual illustration of the relationship between substrate 

concentration and depth within a biofilm has been previously described 

(70) and is shown in Figure 1. It is assumed that the biofilm is at-

tached to a flat plate and that the rate of reaction is limited by a 

single substrate S. The concentration of the substrate outside the 

biofilm in the bulk liquid is S ; at the biofilm surface, S ; within 
0 S 

the biofilm cellular matrix, S ; and deep within the biofilm a constant 
C 

limiting value, Si. The gradient of S at the liquid-film interface 
C 

where z = o (dS /dz) is intermediate between low values which result in 
C 

a metabolism-limited case and high values which result in a diffusion-

limited case. 

The incomplete mixing of the liquid phase next to the biofilm sur-

face, coupled with mass transfer into the biofilm results in a stagnant 

liquid layer and a decrease in substrate concentration between the bulk 

liquid and the biofilm surface. Williamson and McCarty (71) found that 

the stagnant liquid layer over an experimental biofilm consisted of two 

layers termed 11 and 12 • The outer layer, 11 , can be reduced to zero 

thickness with adequate mixing. The layer next to the biofilm, 12 , cannot 

be removed by mixing and is believed to result from the uneven or sponge-

like nature of the liquid-biofilm interface. Based on a linear relation-

+ ship describing the mass transfer of NH4 through nonreactive nitrifying 
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films of thickness, Lc, the depth of 12 was calculated as 56 microns (71). 

Whether such a layer exists in all biofilms is currently unknown. 

If a bacterial film is not metabolism limited, then the substrate 

concentration within the depths of the biofilm will reach a minimum 

value of Si, at which point bacterial metabolism stops. The depth at 

which the concentration reaches Si is termed Le, the effective depth, 

and will contain those organisms actively metabolizing the substrate. 

This situation occurs only in relatively deep biofilms. A deep biofilm 

is one in which the biofilm depth L exceeds L. L is dependent upon c e e 
S, the substrate concentration outside the biofilm in the bulk liquid 

0 

(70, 71). If a biofilm depth is restricted by either hydraulic shear 

or sloughing of the bacterial mass, then metabolism of the substrate may 

occur throughout the entire layer resulting in a metabolism-limited 

case. 

The nature of biofilms dictates high bacterial densities. The con-

centration can vary considerably depending on the nature of the bac-

terial growth, the biofilm depth, the biofilm age, and the presence of 

other particles in the biofilm matrix. Williamson and McCarty (71) 

reported bacterial densities of ·42 to 109 milligrams total suspended 

solids per cubic centimeter (mg TSS/cm3) for biofilm depths ranging from 

150 to 550 microns. Owen and Williamson (79) reported bacterial den-

sities of 20 to 60 mg TSS/cm3 for biofilm depths of 300 to 500 microns. 

Such concentrations are much larger than what is normally obtained for 

bacterial floes in dispersed growth systems in which concentrations up 

to 10 mg TSS/cm3 have been reported (70). 
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Sanitary engineers have taken advantage of biofilm development since 

1893 when the first trickling filter was placed in operation in England 

(72). Until recently, trickling filters were the only sanitary engineer-

ing applications of biofilms. The latest developments in biofilm appli-

cations include: the rotating bio-disc (27), the anaerobic filter for 

methane fermentation (73) and denitrification (74), the submerged filter 

for nitrification (75), the fixed activated sludge process (76), and 

the biological fluidized bed for denitrification (77). 

The recent interest in biofilm applications has prompted several 

individuals to investigate the kinetics of substrate utilization in 

biofilms (70,71,78,79). The models proposed to date are based on Fick's 

Law of diffusion (70,71,78,79) and Monad's relationship for substrate 

utilization (70,71,79). 

Williamson and McCarty (71) have verified their proposed model 

through nitrification studies but have also extended their implica;ions 

to include carbonaceous oxidation, denitrification, and anaerobic fer-

mentation (70). To apply their model it must first be determined whe-

ther the electron donor or the electron acceptor approaches some near-

zero value within the biofilm, an effect which is termed flux limita-

tion. A second condition that must be satisfied is that the flux-

limiting species must also be substrate limiting throughout the bio-

film. Their biofilm model can be applied to describe the utilization 

rate of any substrate if the above conditions are met. 

Owen and Williamson (79) have extended the model proposed by 

Williamson and McCarty (70,71) to include those cases where both the 
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electron donor and electron acceptor simultaneously limit the kinetics 

of substrate utilization by the biofilm. Their results indicated that 

heterotrophic biofilm reaction kinetics can be oxygen limited at typical 

oxygen and organic concentrations found in wastewater treatment reactors. 

The model proposed by Harremoes (78) was applied to interpret fil-

ter denitrification. He has hypothesized that denitrification filter 

kinetics may be divided into three categories: zero-order, half-order, 

and first-order. The applicability of the half-order reaction was 

demonstrated by comparing concentration profiles for various filter 

denitrification studies. 

Fluidized Beds 

Transformation of fine solids into a fluidlike state through con-

tact with a liquid is termed fluidization (80). A liquid flowing at 

low velocities through a porous bed of solid particles does not cause 

the particles to move. The fluid passes through the small, tortuous 

channels losing pressure. The pressure drop in a stationary packed 

bed is large and depends upon, among other things, the porosity of the 

bed and the superficial velocity of the fluid (81). At higher fluid 

velocities the particles no longer remain stationary but fluidize under 

the action of the liquid. 

The most convenient way of describing the mechanism of fluidiza-

tion is to visualize a short, vertical tube partially filled with a 

uniform size granular material such as sand. As the liquid is flowing 

at a very low rate through the bottom of the tube it travels upward 

through the sand without causing the grains to move. As the flow rate 
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is slowly and progressively increased, the pressure drop in the liquid 

passing through the bed increases, as is shown by the linear segment OA 

in the graph below (81). 
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Eventually the pressure drop equals the force of gravity on the par-

ticles, and the grains begin to move. This result is at point A on the 

graph. Fluidization begins as a gentle rocking or oscillation of the 

sand particles and the bed expands slightly with the grains still in 

contact. The porosity increases and the pressure drop rises more slowly 

than before. When point Bis reached, the bed is in the loosest possible 

condition with the grains still in contact. As the velocity is further 

increased, the grains separate and true fluidization begins. The pres-

sure drop sometimes decreases slightly from point B to point F (81). 

In a fully fluidized bed the sand grains move in random directions 

through all parts of the liquid. 
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Since the linear velocity of the fluid between the grains is much 

higher than the velocity in the space above the bed, all of the sand 

grains drop out of the fluid above the bed. If the fluid velocity is 

still further increased, the porosity of the bed rises, the bed of sand 

expands, and its density falls. Entrainment of sand grains becomes 

appreciable, then severe, then complete. At point Pall the grains 

have been entrained in the fluid, the porosity approaches unity and the 

bed as such has ceased to exist. From point F to point P and beyond, 

the pressure drop rises with the fluid velocity but much more slowly than 

when the bed was stationary. Fluidization without entrainment of the 

solids is called batch fluidization (81) or particulate fluidization 

(80). When entrainment is complete, the fluidization is said to be 

continuous (81). 

As noted above, when a bed of fluidized solids expands, the poros-

ity rises, approaching unity when entrainment becomes complete. From 

the beginning of fluidization to the point of complete entrainment the 

porosity rises linearly with the logarithm of the superficial fluid 

velocity as shown below (81). The velocity at the beginning of fluidi-

zation is known as the critical velocity (80,81). The velocity at which 

the porosity becomes unity has been shown to agree well with the ter-

minal settling velocity of the particles (81). 
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The first large scale, commercially significant use of fluidized 

beds was by Fritz Winkler for the gasification of powdered coal to pro-

duce methane in 1922 (80). Since then, fluidized beds have been used 

extensively in many catalytic processes such as catalytic-cracking 

reactors in the petroleum industry (80,81). The metallurgical indus-

tries have also applied fluidized bed technology for the preparation 

of a wide variety of solid materials such as the roasting of sulfide 

ores (80). Other applications include: transportation, mixing, sizing, 

and drying of solids; heat exchangers, coating of plastic materials on 

metal surfaces, adsorption, and activation of charcoal (80). 

Sanitary engineering applications of fluidized bed technology to 

date have not been extensive. The limited applications include: sand 

filter backwash in water treatment (82), wastewater treatment by 

activated carbon (72), combustion of sludge solids (72), and denitri-

fication (77). 

Periodic backwashing of water treatment plant sand filters is re-

quired due to the collection of suspended matter which results in 
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significant head losses. Once the head loss has reached eight to ten 

feet, the filter is stopped and the flow is reversed, fluidizing the 

bed, thus releasing the trapped particles (82). 

Activated-carbon treatment of wastewater is usually considered a 

polishing process for water that has already been treated by normal 

biological treatment processes. The carbon is used to remove a portion 

of the dissolved organic matter that remains. Depending on the means 

of contacting the carbon with water, the particulate matter that is 

present may also be removed. 

In a fixed bed, down-flow column, a provision for backwash and 

surface wash is necessary because the particulate matter in the in-

fluent averages 10 mg/1 and is almost completely removed through fil-

tration (72). Backwashing is necessary to keep excessive head loss 

from building up. 

The problem of clogging of the carbon column can be partially 

overcome if a fluidized bed is used (72). In operation, the influent 

is introduced at the bottom of the column and the bed is allowed to 

expand. Spent carbon is displaced continuously with fresh carbon. 

In such a system head loss does not build up with time after the 

operating point has been reached. 

The Door-Oliver Fluo Solids system utilizes a fluidized bed of 

sand as a heat reservoir to promote uniform combustion of sludge 

solids (72). The sludge is dewatered before it enters the fluidized 

bed reactor. The fluidized bed must be preheated to approximately 

1200°F before the sludge is introduced. Inside the reactor, the sludge 



36 

is dried and oxidized at a temperature of 1500°F. The resultant com-

bustion gases, ash, and water vapor exit through a wet scrubber, where 

the ash is removed, and are then exhausted through a stack. The ash 

is separated from the scrubber water in a cyclone separator. The 

scrubber water is discharged with the plant effluent. 

The most recent application of fluidized bed technology to waste-

water treatment is in the area of denitrification. Jeris and Owens 

(77) have demonstrated biological denitrification of domestic sewage 

using a pilot scale fluidized bed. The nitrified sewage was supple-

mented with methanol before entering the bed. The treatment process 

consistently demonstrated the ability to remove 99 percent of the in-

fluent oxidized nitrogen. 

The fluidized bed reactor was constructed of~ inch thick plexi-

glass, 1.5 feet in diameter, standing 15.5 feet high. Approximately 

600 pounds of white silica sand with an effective size of 0.6 milli-

meters and a uniforndty coefficient of 1.5 was used as the fluidizing 

media and the nucleus for biological growth. 

Under normal operating procedures the hydraulic loading rate was 
2 set at 15 gallons per minute per square foot (gpm/ft ). Although the 

empty bed detention time at this loading rate was 6.5 minutes, a bed 

height corresponding to a 3 minutes detention time was shown to achieve 

95 percent removal of the influent oxidized nitrogen. The influent 

nitrate-nitrogen concentrations varied considerably but the effluent con-

centration was consistently less than 0.5 mg/1. Studies on the effects 

of various methanol to nitrate-nitrogen ratios indicated that a ratio of 
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2.9 would provide a removal efficienty of 95 percent or better. 

Increasing the loading rate from 15 to 24 gpm/ft 2 reduced the empty 

bed detention time to about four minutes and indicated no detrimental 

effect on the effluent quality. Diurnal variation in flow also produced 

no change in the effluent quality. To determine the effect of power 

failure on the system, the reactor was shut down for a period of 17 

hours. Within 45 minutes after start-up, the system was again achieving 

99 percent removal. 

During a high nitrogen concentration study, the influent oxidized 

nitrogen averaged 55 mg/1 and the effluent 2.5 mg/1 for an overall re-

moval of 95 percent. The influent nitrate-nitrogen concentration of 

55 mg/1 was equivalent to 850 pounds of nitrate-nitrogen per 1,000 cubic 

feet of reactor per day (#N/1000 cf/day). The maximum removal capa-

bility of the reactor is better described by the loading rates identi-

fied at the bottom 38 inches of the reactor where 95 percent removal of 

the influent nitrate was shown to occur. The loading rate at this 

level was 1275 I/N/1000 cf/day which is equivalent to an influent con-

centration of 84 mg/1. 

The rate of denitrification ~ould ijlso have been expressed in tertn$ 

of available surface area. By assuming the sand grains to be perfect 

spheres, the available surface area was approximately 11,000 square 

feet. Based on the overall results of the high nitrogen study, the rate 
..!. 2 of denitrification was approximately 27 mg NOl-N/ft /hr or 120 mg 

- 2 NO/ft /hr. 

The remarkable efficiency of this system was attributed to the 
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concentration of active biomass within the reactor. The small media 

in the column provided the denitrifying bacteria with an almost un-

limited surface area upon which to grow. The average concentration of 

bacteria, expressed as total volatile solids, in the reactor was between 

30,000 and 40,000 mg/1. 



MATERIALS AND METHODS 

The information contained within this section is a discussion of 

the experimental materials, equipment, and procedures used during the 

course of this investigation. 

Analytical Procedures 

Analytical procedures for the various sulfur species have been 

well documented (3,5,6). Considering the objectives of this investi-

gation, the principal sulfur compounds monitored were thiosulfate, poly-

thionate, and sulfate. Other parameters which were monitored included 

volatile solids and oxygen uptake. Standard laboratory glassware and 

reagent grade chemicals were used at all times. 

Thiosulfate. Concentrations of thiosulfate were determined by the 

method of Rao and Sanna (83), This procedure involves the direct 

titration of thiosulfate using a standard potassium dichromate solution. 

The procedures for this method are outlined below. 

1. Pipette a 10 ml sample into a 250 ml erlenmeyer flask 

2, Add 70 ml of distilled or deionized water 

3. Add 10 ml of a 20 percent potassium iodide solution 

4. Add 5 ml of lN oxalic acid 

5. Add 2 ml of one percent starch indicator 

6. Add 2 ml of SN sulfuric acid 

7. Titrate with standard potassium dichromate to the first signs 

of a permanent, blue color. 

39 
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The concentration of thiosulfate is calculated as follows: 

-2 s2o3 , mg/1 = (19) 

where: 

ND = normality of potassium dichromate 

VD = volume of potassium dichromate, ml 

V = volume of sample, ml s 
Titrations were performed using a 10 ml burette. This procedure 

provided conditions for extreme precision and excellent reproducibility 

at all levels of thiosulfate. The normality of the potassium dichromate 

was set so that slightly less than 10 ml were required for the highest 

concentration of thiosulfate being titrated. Detection of the final 

endpoint was improved by placing a light bulb behind the titration 

flask and a sheet of white paper between the bulb and the flask. 

Sulfite is an interference in this procedure, but it can be elimi-

nated by adding 0.25 ml of a 37 percent formaldehyde solution. Sulfite 

concentrations can be determined using the above procedure by adding the 

formaldehyde before the distilled water and taking the difference between 

titrations, with and without formaldehyde. 

Rao and Sarma (83) have failed to point out that a blank correction 

is necessary due to the impurities of the potassium iodide solution 

(6). The blank correction should be evaluated daily and must be sub-

tracted for each thiosulfate determination. 

Polythionate. At the present time there are no satisfactory 

quantitative methods for the determination of individual polythionates 
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in the presence of each other (3). The available quantitative tests 

measure total polythionate. Qualitative tests for di-, tri-, tetra-, 

and pentathionate have been described in detail by Karchrner (3). 

Throughout this investigation no distinction was made between the in-

dividual polythionate species. Polythionate concentrations were re-

ported as total polythionate in terms of thiosulfate. 

The procedure selected for measuring polythionate concentrations 

was obtained from a Canadian research team presently conducting inves-

tigations on the treatment of thiosulfate wastes (84). Thiosulfate 

is a direct interference, but can be accounted for if the thiosulfate 

concentration is known. The procedure is outlined below. 

1. Pipette an aliquot of sample into a 100 ml beaker. The 

aliquot size will be dependent upon the concentration of 

polythionate plus thiosulfate: 
-2 a. 0-50 mg/1 as s2o3 , use a 50 ml aliquot 

-2 b. 50-400 mg/1 as s2o3 , use a 25 ml aliquot 
-2 c. 400-2000 mg/1 as s2o3 , use a 5 ml aliquot 
-2 d. 2000-5000 mg/1 as s2o3 , use a 2 ml aliquot 

2. Dilute the sample to approximately 25 ml if necessary. 

3. Adjust the pH to 4.3 using 0.005N sulfuric acid or 0.005N 

sodium hydroxide. The normalities of the acid and the caustic 

solution can be varied in order to prevent excessive dilution. 

The sample should not be diluted to more than 60 ml. The pH 

adjustment should be carried out using a pH meter supplemented 

by magnetic stirring. Varying the rate of stirring can cause 
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errors; therefore, the magnetic stirrer should be set at the 

same position for all titrations. A good rate of mixing is 

furnished just before the sample begins to splash out of the 

beaker. The pH electrodes and stirring magnet should always 

be rinsed into the beaker using distilled or deionized water. 

4. Add 5 ml of 20 percent mercuric chloride, mix and allow to 

stand for five minutes. 

5. Dilute the sample to 60 ml with distilled or deionized water. 

6. Heat rapidly just to boiling. 

7. Cool to room temperature. 

8. Place the sample on the magnetic stirrer and add 20 percent 

potassium iodide, drop by drop, until the resulting red pre-

cipitate just disappears. 

9. Titrate with 0.005N sodium hydroxide to pH 4.3. The sodium 

hydroxide solution should be prepared weekly and standardized 

daily. Precautions should be taken to keep the solution stable 

(6). 

10. A blank, using distilled or deionized water, should be run 

through steps one through eight listed above. The final 

titration to pH 4.3 is performed using 0.005N sulfuric acid. 

The concentration of polythionate is calculated as follows: 

(20) 

where: 

T1 = volume of sodium hydroxide from step nine, ml 
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T2 = equivalent volume of sodium hydroxide from step ten, ml 

N = normality of sodium hydroxide 

A= volume of initial sample, ml 

The titrations were performed using a 10 ml burette to insure 

high precision. The normality of the sodium hydroxide solution used 

in step nine was set so that slightly less than 10 ml were required 

for the highest concentration of polythionate being titrated. 

Potassium iodide is used in the above procedure to eliminate ex-

cess mercuric chloride. A blank determination is necessary in order 

to measure the alkalinity which develops following the addition of 

potassium iodide. 

The resulting mercury solutions were stored in plastic milk con-

tainers for ultimate disposal by a private firm contracted by VPI & SU. 

Sulfate. Concentrations of sulfate can be determined using vari-

ous methods (3,5,6). Regardless of the method selected, thiosulfate 

is an interference (3). 

During the preliminary preparation for the investigation, various 

procedures were evaluated for the assay of sulfate. Interference due 

to thiosulfate proved difficult to overcome. The method finally se-

lected was provided by a research team in Canada presently involved in 

the evaluation of various processes for the treatment of thiosulfate 

wastes (85). The procedure is outlined below. Sulfate concentrations 

were reported as thiosulfate. 

1. Pipette a 25 ml sample into a 100 ml beaker. 

2. While stirring, add l.ON iodine, dropwise, until a pale yellow 
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color is obtained. An excess of iodine will make it difficult 

to obtain a good endpoint in the final titration, The nor-

mality of the iodine may be reduced or increased depending 

on the range of thiosulfate present in the samples. It is best 

to predetermine the thiosulfate concentrations and have a range 

of iodine solutions of various normalities available so that 

not more than four to five drops are added. 

3. Add one to two grams of strong acid, cation type, ion exchange 

resin and stir for five minutes. Allow the ion exchange resin 

to settle. 

4. Pipette a 20 ml aliquot into a 150 ml beaker. 

5. Add 80 ml of methanol to the 150 ml beaker. 

6. Adjust the pH to 3.5 using a pH meter with five percent ammonium 

hydroxide or five percent hydrochloric acid. Remove the elec-

trodes and wash with distilled or deionized water. 

7. Add three drops of 0.2 percent thorin indicator. 

8. Titrate with O.OlM barium chloride to the first permanent pink 

color. The molarity of the titrant can be varied depending 

on the range of sulfate concentrations being evaluated. The 

barium chloride solution should be prepared daily from a stock 

O.lM solution which has been standardized against O.lM sodium 

sulfate following steps four through eight. 

The concentration of sulfate is calculated as follows: 

(21) 
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where: 

VB= volume of barium chloride titrant, ml 

MB= molarity of barium chloride 

VA= volume of aliquot used for analysis in step four, ml. 

Titrations were carried out using a 10 ml burette to insure high 

precision. Detection of the final endpoint was improved using the same 

technique as described for thiosulfate determinations. 

Thiosulfate and various cations are definite interferences in the 

above procedure. Sulfite is also a possible interference. Thiosulfate 

is eliminated by the addition of iodine. Various cations can cause co-

precipitation, but this effect is overcome by the addition of the cation 

exchange resin. If sulfite is present, formaldehyde can be added as a 

complexing agent. The formaldehyde should be added prior to the addi-

tion of iodine. Using 0.25 ml of a 37 percent formaldehyde solution is 

adequate. 

Volatile solids. The procedures for measuring volatile solids were 

essentially those outlined by Standard Methods (6). The only deviations 

from these procedures occurred when measuring volatile solids in the 

fluidized bed reactor. Solids determinations were made by removing 

several grams of sand from the fluidized bed and placing them into a pre-

weighed Gooch crucible which contained a fiber glass filter. When neces-

sary, the remaining liquid was removed by applying a vacuum. The cru-

cibles were then dried for one hour at 103~C, desiccated and weighed, 

then volatilized at 550°C for 15 minutes. The results were reported as 

milligrams of volatile solids per gram of sand (mg VS/gm sand). The 
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remaining sand plus residue was used to calculate the volatile solids 

concentrations as noted below: 

where: 

mg VS 
gm Sand 

(W - w3) 
= 1000 w2 _ w 

3 1 

w1 = tare weight of crucible and filter, gm 

(22) 

w2 = weight of crucible, filter, and sand sample after drying at 

103°C for one hour, gm 

w3 = weight of crucible, filter, and sand sample after volatiliza-

tion at 550°C for 15 minutes, gm. 

To insure nonvolatilization of the sand, triplicate samples of 

clean sand were analyzed by the above procedures. On the average, a 

loss of 2.6 milligrams per gram of sand was observed. It was presumed 

that this slight loss of sand and the inclusion of the residue in the 

solids analysis would average out these effects. 

Oxygen uptake. Oxygen uptake measurements were made using a Yellow 

Springs Instrument dissolved oxygen meter and a dissolved oxygen probe 

equipped for stirring. A 70 ml glass bottle fitted with a rubber 

stopper was used as the containing vessel. 

To make the measurements, approximately equal amounts of sand were 

removed from three levels in the fluidized bed and placed into the 

glass bottle. The liquid was decanted and the bottle was filled with 

the influent feed. The dissolved oxygen probe was placed in the bottle 

and dissolved oA-ygen concentrations were recorded with time. The rate 

of oxygen uptake was determined by plotting dissolved oxygen 
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concentrations against time and measuring the slope of the resulting 

straight line. Following the measurement of oxygen uptake, the total 

contents of the glass bottle were analyzed for volatile solids. The 

final results were expressed as milligrams per liter oxygen per hour 

per milligram of volatile solids {mg/1 o2/hr•mg/V 8). 

Isolation and Enrichment of a Thicbacillus Culture 

Thiobacillus bacteria have been isolated from various sources 

(1,39), one of which includes domestic sewage. The culture used 

throughout this investigation was originally isolated from primary 

clarified sewage. Approximately 100 ml of sewage were inoculated into 

18 liters of the enrichment broth shown in Table 1 which was aerated 

using compressed air. The initial pH of the media was 6.5. Calcium 

and iron salts were not included in the enrichment broth because of 

their presence in the tap water. Analysis of the tap water showed the 

concentrations of calcium and iron to be 36 and 0.05 mg/1, respectively. 

After ten days, the pH became stable around 2.5 and the thiosul-

fate concentration was zero. Aeration was stopped, and the culture 

was allowed to settle for two hours. The supernatant was decanted 

and the carboy was again filled with the enrichment broth. The pro-

cedure was repeated whenever the pH became stable between 2.0 and 2.5. 

Gram stains and frequent microscopic examinations revealed short, Gram 

negative, motile rods. 

Nutrient Requirements of the Isolated Thiobacillus Culture 

The success of any biological wastewater treatment system is highly 
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Table 1 

Thiobacillus Isolation and Enrichment Broth 

Nutrient Quantity, gm 

Na2s2o3 25.4 

KH/0 4 2.4 

(NH4)2S04 2.5 

MnS04·H20 0.4 

MgS04•7H20 1.8 

Tap water 1sa 

8 liters 
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dependent on the availability of the proper nutrients. Of the many 

nutrients required by a biological system, nitrogen and phosphorus are 

particularly important and are most commonly found to be deficient. 

It has already been established that of these two nutrients, phosphorus 

could play a significant role in the success of a wastewater treatment 

system utilizing a culture of Thiobacilli. For these reasons it was 

considered essential that the nitrogen and phosphorus requirements of 

the isolated Thiobacillus culture be investigated. 

Nitrogen requirements. Since a review of the literature has shown 

that ammonia-nitrogen is the most readily available source of nitrogen to 

the majority of the Thiobacilli, ammonium sulfate((NH 4) 2so4) was selected 

as the source of nitrogen. The ~xperiment was conducted in a series of 

batch tests by varying the amount of the nutrient. The concentrations 

evaluated were: 5, 10, 15, 20, 25, 30, and 35 mg/1 nitrogen. Phosphorus 

was held constant at a concentration of 30 mg/1 and the remaining nutri-

ents were added from stock solutions at the concentrations shown in Table 

2. A two ml inoculum from the Thiobacillus culture was used as a seed 

for each test. 

The cultures were contained in one liter bottles which were aerated 

using compressed air and were incubated at a temperature of 20°C. Samples 

were collected approximately every 24 hours. The pH was checked and 

thiosulfate and sulfate concentrations were determined. 

Phosphorus requirements. The phosphorus requirements of the iso-

lated Thiobacillus culture were evaluated using batch tests and a Warburg 

respirometer. Potassium phosphate (KH2Po4) was used as the source of 
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Table 2 

Nitrogen and Phosphorus Batch Test Nutrients 

Nutrient 

Tap water 

Concentration 
mg/1 

1000 

20 

100 
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phosphorus for each experiment. 

The batch tests were carried out by varying the amount of phos-

phorus. Concentrations of 1, 10, 100, and 1000 mg/1 phosphorus were 

evaluated. Nitrogen was held constant at a concentration of 30 mg/1 and 

the remaining nutrients were added from stock solutions at the concen-

trations shown in Table 2. A two ml inoculum from the Thiobacillus cul-

ture was used as a seed for each test. 

The cultures were contained in one liter bottles which were aerated 

using compressed air and were incubated at a temperature of 20°C. Samples 

were collected approximately every 24 hours. The pH was checked and 

thiosulfate, polythionate, and sulfate concentrations were determined. 

The oxygen uptake experiment with the Warburg respirometer was con-

ducted at a temperature of 20°C using the procedures outlined by Umbriet 

et al. (86). Large, 125 ml flasks were used and each unit was calibrated 
I 

by the water method described by McKinney (87). Carbon dioxide was ad-

sorbed by placing 0.5 ml of 20 percent KOH in each center well. 

The phosphorus concentrations evaluated were 1, 10, 50, 100, and 

1000 mg/1. Nitrogen was held constant at a concentration of 30 mg/1 and 

the remaining nutrients were added at the concentrations shown in Table 

2. Each flask contained a 20 ml sample and was seeded with 0.2 ml of the 

isolated Thiobacillus culture. The final volume of each flask was 20.7 

ml. The results were reported as microliters of oxygen uptake. 

Characterization of the Fluidized Bed Reactor 

The fluidized bed reactor, as shown in Figure 2, was constructed 

of plexiglass tubing which had a column height of 37 inches and an inside 
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diameter of 1.6 inches. The first inch above the distributor plate was 

filled with angular gravel followed by 1200 grams of 30 mesh Ottawa sand. 

The unexpanded sand occupied 22 inches of bed height. The column section 

was attached to a circular base plate by four anchor bolts. The reactor 

as a whole was maintained in a vertical position by four leveling screws. 

Three sampling ports were placed on each side of the column section. 

The sampling ports on the left were covered with plastic mesh screen to 

prevent the loss of sand while collecting samples and the three ports on 

the right were left unscreened in order to collect samples of sand. Each 

port was capped with a rubber stopper. An aeration system consisting of 

three porous stone diffusers was subsequently added and will be further 

described in the next section. 

Before the fluidized bed could be placed into operation it was 

necessary to establish the hydraulic loading rates which would cause 
I 

fluidization. This was accomplished by feeding tap water at 20°C through 

the influent ports. The hydraulic loading rates applied were 5, 7.5, 10, 
2 15, 20, 25, 30, and 35 gpm/ft • The bed height at each loading was 

recorded and the corresponding porosity was determined by the following 

relationship: 

where: 

V 

porosity 
V-V s =--v 

3 = total volume at the corresponding bed height, ft 

V = volume of sand, ft 3 
s 

(23) 

The volume of the sand was determined by dividing the total weight of 

sand by a specific gravity of 2.65. 
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Since hydraulic loading rate, expressed as gpm/ft 2 , is equivalent 

to velocity, a semilog plot of porosity and hydraulic loading rate was 

made to establish the range of fluidization. 

Thiosulfate Oxidation in a Fluidized Bed 

Following the characterization of the fluidized bed, the reactor 

was placed in a batch mode in an effort to seed the system. The reactor 

was initially seeded by filling the column section with 800 ml of the 

isolated Thiobacillus culture. After 24 hours had elapsed, the solution 

was drained from the influent ports. This procedure was repeated on a 

daily basis for a period of one week. During this time, compressed air 

was introduced at the bottom of the reactor in order to maintain an 

aerobic environment. 

After the initial seeding, the reactor was placed into continuous 

operation using the feeding system illusttated in Figure 3. Due to the 

extremely high volume of water required to maintain continuous fluidi-

zation, it was necessary to design a system that would deliver a concen-

trated synthetic waste to the influent ports of the reactor at the re-

quired dilution. This procedure was accomplished by using a constant 

head system comprised of two-15 gallon plastic containers continuously 

flowing with oxygen saturated tap water at 20°C. Saturation was 

achieved by aerating the constant head tanks with compressed air. The 

concentrated waste was fed into one of the tap water lines by a Sigma 

Motor finger pump at a rate of 46 liters per day. The concentrated 

feed shown in Table 3 was prepared daily and was kept in a 15 gallon 
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Table 3 

Composition of Synthetic Waste 

Nutrient 

MnS04•H20 

aAs Phosphorus (P) 

bAs Nitrogen (N) 

Final concentration 
mg/1 

20 

100 

C -2 As Thiosulfate (s2o3 ), first three weeks of 
continuous operation. 

d -2 
As Thiosulfate (s2o3 ), remainder of the inves-
tigation. 
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plastic container. Biological growth in the main feed line was retarded 

by daily chlorination with a strong liquid bleach solution. 

During the first three weeks of operation the influent thiosulfate 

concentration was maintained at 1000 mg/1 flowing at a hydraulic loading 

2 rate of 10 gpm/ft. The effluent was periodically monitored by checking 

the pH and determining the concentrations of thiosulfate, polythionate, 

and sulfate. By the end of the three week period, biological growth on 

the sand became evident. At this time the influent thiosulfate concen-

tration was cut back to 100 mg/1 and the aeration system was added to the 

reactor. The influent concentration of thiosulfate was cut back based on 

the performance of the reactor up to this time and the performance of 

other biological film reactors used for thiosulfate oxidation and denitri-

fication (27,77). 

The aeration system consisted of three porous stone diffusers which 
I 

were staggered at various depths in the column. The diffusers were con-

nected to individual glass rods which were held in place by a rubber 

stopper. High purity oxygen was used as the gas of aeration and was 

delivered at a rate of 0.1 cubic feet per hour. The flow of oxygen was 

controlled by an Airco flow regulator, a flow meter, and a series of 

three aquarium valves. With the addition of the aeration system it was 
2 also necessary to increase the hydraulic loading rate to 16.1 gpm/ft 

in order to prevent the reactor from becoming a slugging bed. This 

hydraulic loading rate was maintained for the remainder of the investi-

gation. 

Following the addition of the aeration system, the reactor was 
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allowed to operate for one month before the actual testing procedures 

began. Upon initiation of testing, the parameters monitored were: 

pH, thiosulfate, polythionate, sulfate, volatile solids and oxygen 

uptake. Points of sampling for the above analysis included: the in-

fluent, the sampling ports along the length of the column, and the 

effluent. 

Since pH is a primary factor in the biological oxidation of thio-

sulfate, the effects of various acid conditions were investigated by 

adjusting the pH of the influent feed water. The pH conditions evalu-

ated were: 6.5, 6.0, 5.2, 4.0, and 2.9. Acid requirements to achieve 

each pH condition were determined by titrating a one liter sample of the 

diluted feed with a five percent hydrochloric acid solution. The re-

sulting volume was then scaled up based on the total volume of flow 

through the reactor on a daily basis. The required volume of acid 
I 

was diluted to 18 liters and was placed in a polyethylene container. 

Acid was delivered to the second feed line using a Sigma Motor finger 

pump. Addition of acid was not required at a pH of 6.5 as this was 

the natural pH of the diluted feed. 

Each pH condition was evaluated for a period of five days. Dur-

ing each five day interval, samples were collected on a daily basis 

for monitoring pH, thiosulfate, polythionate, and sulfate. Volatile 

solids and oxygen uptake measurements were made only during the last 

two days. 

Acid Decomposition of Thiosulfate 

Oxidation of thiosulfate by Thiobacillus bacteria typically results 
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in the production of an extremely acid environment. Thiosulfate is 

also known to chemically decompose under acid conditions. Although it 

is difficult to segregate biological oxidation from chemical decompo-

sition in a combined situation it appeared beneficial to further in-

vestigate the acid decomposition of thiosulfate under purely chemical 

conditions. 

Acid decomposition of thiosulfate was evaluated in a series of 

batch tests by subjecting various concentrations of thiosulfate to 

different levels of pH. Concentrations of thiosulfate which were 

evaluated included: 100, 200, 500, 750, and 1000 mg/1. In addition 

to thiosulfate, the nutrient salts used during the fluidized bed study 

were also included at the concentrations shown in Table 3. Mercuric 

chloride at a concentration of 0.1 mg/1 mercury was added to eliminate 

the possible effects of biological oxidation. This concentration of 
I 

mercury was considered to be sufficient since 0.05 mg/1 is known to 

be toxic to T. thiooxidans (40). A higher concentration of mercury 

was avoided due to its reactive nature with thiosulfate (3). 

The actual test was performed by placing one liter of each solu-

tion into glass bottles which were aerated using compressed air. The 

pH of each original solution was adjusted every 24 hours using hydro-

chloric acid. Samples were collected prior to each adjustment and were 

analyzed for thiosulfate, polythionate, and sulfate. Random samples 

wc~c nlGo •alc~tcd for tn!croccopic obPCX'V4tion. The incremental acidifi-

cation of each eolution resulted in the following sequence of pH levels: 

6.5, 6.0, 5.0, 4.0, 3.0, 2.0, and 1.0. 
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Influence of Trace Nutrients on Oxygen Uptake 

Biological systems require trace quantities of various elements 

such as zinc, iron, molybdenum copper, and cobalt in order to metabolize 

and function properly. Vishniac and Santer (39) have pointed out that, 

for biochemical studies, the nutrients listed above can prove to be 

beneficial in the culturing of Thiobacilli. The following experiment 

was designed to test the effects of these nutrients on the oxygen uptake 

of the isolated Thiobacillus culture. 

Comparative oxygen uptake rates were made on the influent feed water 

to the fluidized bed reactor and the influent feed supplemented with the 

trace nutrients shown in Table 4. Each oxygen uptake measurement was 

made over a range of pH conditions which included: 6.5, 6.0, 5.0, 4.0, 

and 3.0. The pH adjustments were made using hydrochloric acid. Prior 

to measuring oxygen uptake, solids analysis showed the volatile solids 
I 

concentration of the batch culture to be 580 rng/1 VS. The procedures 

employed during this experiment are outlined below. 

1. Transfer 300 ml of the batch culture to a 500 ml graduated 

cylinder and allow to settle for 15 minutes. 

2. Decant the supernatant and replace with the nutrient solution, 

excluding thiosulfate, which has been pre-adjusted to the 

appropriate pH level. 

3. Aerate with compressed air for 15 minutes then allow to settle 

for 15 minutes. 

4. Repeat steps two and three. 

5. Decant the supernatant and replace with the nutrient solution. 



Nutrient 

ZnS04 •7H20 

FeS04°7H20 

(1"H4) 6Mo7o24°4H20 

CuS04•5H20 

CoC12•6H20 

EDTAa 

61 

Table 4 

Supplementary Trace Nutrients 

Concentration 
gm/1 

0.2200 

0.0499 

0.0110 

0.0157 

0.0161 

0.5000 

a Ethylenediamine tetraacetic acid (complexing agent) 

Trace metal 
concentration 

mg/1 

Zn+2 - 50 

Fe+2 - 10 

Mo+6 - 0.85 

Cu+2 - 4 

Co+2 - 4 
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6. Transfer the 300 ml to a standard BOD bottle and measure the 

endogenous oxygen uptake for 30 minutes using a dissolved oxygen 

meter and a dissolved oxygen probe equipped for stirring. 

7. Remove the probe and allow to settle for two or three minutes. 

8. Pipette 1 ml from the BOD bottle supernatant and replace with 

1 ml of a thiosulfate solution which will give a final thio-

sulfate concentration of 100 mg/1. 

9. Measure the oxygen uptake of the thiosulfate solution for 60 

minutes. 

The procedure of washing the sludge twice was used to insure that 

any traces of thiosulfate from the batch culture were removed. Oxygen 

uptake rates were reported as mg/1 o2/hr. 

Influence of pH on Thiosulfate BODz, 

Biological oxidation of thiosulfate by Thiobacillus is influenced 

by many factors. One of these factors is pH. In the following experi-

ment, the effects of pH on thiosulfate oxidation were evaluated by 

measuring BOD22 • 

BOD measurements at 20°C were made using the Hach BOD apparatus. 

Procedures given in the accompanying instruction manual for reading BOD 

directly were followed in performing the experiment. The range of pH 

conditions evaluated included: 6.5, 6.0, 5.0, 4.0, and 3.0. Each bottle 

contained a thiosulfate concentration of 1000 mg/1 and the nutrient salts 

shown in Tables 3 and 4. Seed material for each bottle was added from 

the isolated Thiobacillus culture and was based on setting a thiosulfate 

F/M of 10. The seed material was settled in a test tube and decanted 
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prior to its addition to each bottle. Thiosulfate was added just before 

closing each bottle giving a final volume of 157 ml. 

Precipitation of Thiosulfate with BaC03 

Analytical procedures for measuring sulfate concentrations in the 

presence of thiosulfate typically result in a positive interference by 

thiosulfate. Since these procedures are based on the precipitation of 

sulfate by barium, it is possible to assume that thi9sulfate may also 

be precipitated by barium. Barium salts of thiosulfate are also reported 

to be insoluble (3,4). Based on this limited information, and experi-

ment was designed to investigate the possibilities of precipitating 

thiosulfate with barium carbonate. 

Barium carbonate was selected as the precipitating agent because 

it is highly insoluble and has been used successfully in removing sul-

fate from sulfuric acid wastes (88). Codcentrations of barium carbon-

ate evaluated included: 1, 5, 10, 15, 20, and 25 gm/1. The solution 

subjected to experimentation was made up from tap water and contained 

1000 mg/1 thiosulfate and the nutrients shown in Table 3. 

The experiment was performed using a Phipps and Bird stirring 

apparatus and six rectangular mixing jars. A volume of one liter was 

used for each evaluation. Each jar was flash mixed for 30 minutes at 

the maximum speed of the apparatus, followed by 30 minutes of floc-

culation at 20 rpm. Thirty minutes were allowed for settling. One 

gram of lime was added to each jar prior to flash mixing to aid in 

the final settling. Thiosulfate concentrations were measured at the 

end of the experiment. 



EXPERIMENTAL RESULTS 

The following sections include a presentation of the data and re-

sults obtained from the various experiments conducted during this 

investigation. 

Isolation and Enrichment of a Thiobacillus Culture 

A culture of Thiobacillus bacteria was successfully isolated from 

domestic sewage. The culture readily oxidized thiosulfate and produced 

acid, lowering the pH to between 2.5 and 2.0. Frequent microscopic 

observations revealed short, Gram negative, motile rods typical of the 

Thiobacilli. Since attempts were not made to purify the culture, the 

isolation and enrichment procedures resulted in obtaining a mixed cul-

ture of Thiobacilli. It is possible that 1n subculturing, a dominant 

strain was obtained but analytical procedures were not employed to 

establish this possibility. 

Nutrient Requirements of the Isolated Thiobacillus Culture 

The purpose of this experiment was to investigate the nitrogen and 

phosphorus requirements of the isolated Thiobacillus culture. Nitrogen 

requirements were evaluated in a series of batch tests by varying the 

quantity of ammonia-nitrogen added to each culture. Phosphorus require-

ments were evaluated in a similar series of batch tests and by measuring 

the influence of phosphorus on oxygen uptake in a Warburg respirometer. 

64 
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Each of the tests contained an initial thiosulfate concentration of 

1000 mg/1. 

Nitrogen requirements. The results of the nitrogen batch tests 

were evaluated by observing thiosulfate oxidation, sulfate production, 

and pH. These results are shown in Figures 4, 5 and 6, respectively. 

Concentrations of nitrogen evaluated were: 5, 10, 15, 20, 25, 30, and 

35 mg/1. 

Figure 4 shows the influence of ammonia nitrogen on thiosulfate 

oxidation on a comparative basis. With the exception of 30 mg/1 ammonia 

nitrogen, all of the ammonia nitrogen concentrations evaluated influ-

enced the oxidation of thiosulfate to the same extent. In each case, 

thiosulfate o,ddation was initiated after a 30 hour lag period and was 

completed within 100 to 120 hours. The culture containing 30 mg/1 

ammonia nitrogen lagged behind the other cultures but demonstrated a 

parallel path of thiosulfate oxidation and required 135 hours for com-

pletion. 

The effects of ammonia nitrogen on sulfate production are shown 

in Figure 5. All of the nitrogen concentrations evaluated, with the 

exception of 30 mg/1, did not induce a significant variation in the 

production of sulfate. Following an initial lag period of 30 hours, 

sulfate began to appear and increased linearly until the conclusion of 

the experiment where sulfate reached a concentration of 400 to 450 

mg/1. This level was slightly less than half of the total concentra-

tion which could have been produced on a theoretical basis. The culture 

containing 30 mg/1 nitrogen lagged behind the other cultures throughout 
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the test but at the end of the experiment had produced 450 mg/1 sulfate. 

As shown in Figure 6, the concentrations of ammonia nitrogen 

evaluated had a negligible influence on pH during the oxidation of 

thiosulfate. In the first 30 hours the pH increased slightly from 6.5 

to 6.8 then gradually decreased to 5.8 after 100 hours of incubation. 

During the next 20 hours the pH decreased sharply from 5.8 to 3.2, 

then slowly dropped to 2.8 at the end of the experiment. The culture 

containing 30 mg/1 ammonia nitrogen lagged behind the other cultures 

but ultimately lowered the pH to 3.0. 

In general, the concentrations of nitrogen evaluated influenced 

the overall oxidation of thiosulfate to a very limited extent. The 

differences in thiosulfate oxidation between initial ammonia nitrogen 

concentrations of 5 mg/1 and 35 rog/1 were not appreciable, 

Phosphorus requirements. The results of the phosphorus batch 

tests were evaluated by observing thiosulfate oxidation, polythionate 

production, sulfate production and pH. These results are shown in 

Figures 7 through 14. The concentrations of phosphorus evaluated were 

1, 10, 100, and 1000 mg/1. 

Figures 7, 8, 9, and 10 illustrate the pattern of thiosulfate oxi-

dation at respective phosphorus concentrations of 1, 10, 100, and 1000 

mg/1. Each of the cultures, except the one containing 1000 mg/1 phos-

phorus, oxidized thiosulfate in a very similar manner, but to a different 

extent, The oxidation of thiosulfate was followed by an accumulation 

of polythionate, a gradual production of sulfate, and a substantial 

decrease in pH. The cultures containing 1, 10 and 100 mg/1 phosphorus 
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completely exhausted the supply of thiosulfate and showed a maximum ac-

cumulation of polythionate at the same time that thiosulfate was depleted. 

Polythionate decreased in the absence of thiosulfate. 

Comparative illustrations of thiosulfate oxidation, polythionate 

production and sulfate production are presented, respectively, in 

Figures 11, 12, and 13. A comparison of these figures will show that 

the overall oxidation of thiosulfate was significantly influenced by 

phosphorus concentrations of 10 and 100 mg/1; thiosulfate was oxidized 

more rapidly, there was a greater accumulation of polythionate, and sul-

fate production was higher during the early stages. Although poly-

thionate and sulfate production were high during the early stages of 

incubation at a phosphorus concentration of 1000 rng/1, the overall 

oxidation of thiosulfate was greatly suppressed. 

The influence of phosphorus on pH during thiosulfate oxidation is 
I 

shown in Figure 14. At phosphorus concentrations of one and ten mg/1 

the pH first increased from 6.5 into the alkaline region then gradually 

decreased to 3.0 and 2.6, respectively. While both cultures ultimately 

lowered the pH into the acid region, the one containing 10 mg/1 phosphorus 

was more efficient. The culture containing 100 mg/1 phosphorus lowered 

the pH in a more direct manner but appeared to be buffered for several 

hours at a pH of 5.5. Eventually, the pH reached a level of 2.7. At 

a phosphorus concentration of 1000 mg/1 the pH remained stable at 5.5 for 

the first 140 hours then gradually decreased to 5.1. 

Oxygen uptake in a Warburg respiromcter was also used as a means of 

determining the phosphorus requirements of the isolated Thiobacillus 
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culture. Phosphorus concentrations evaluated included: 1, 10, 50, 100, 

and 1000 mg/1. The results, illustrated in Figure 15, show that phos-

phorus concentrations of 10 mg/1 or higher definitely influenced oxygen 

uptake during thiosulfate oxidation. Although the influence was sig-

nificant, as compared to a phosphorus concentration of 1 mg/1, the 

differences between the higher concentrations were not substantial. 

The results of the batch and oxygen uptake experiments have demon-

strated the influence of phosphorus on the isolated Thiobacillus culture. 

Generally, phosphorus concentrations between 10 and 100 mg/1 improved 

the overall oxidation of thiosulfate. 

Characterization of the Fluidized Bed 

Before placing the fluidized bed into continuous operation the range 

of fluidization velocities was determined by passing tap water through 

the reactor at various hydraulic loading ~ates. The applied loading 
2 rates ranged from 5 to 35 gpm/ft. Corresponding porosities are shown 

in Figure 16. At hydraulic loading rates between five and nine gpm/ft 2 

the bed remained static and had a porosity of 0.38. With a further in-

crease in loading rate the bed became fluidized and the porosity in-

creased to 0.59 at 35 gpm/ft 2 • The minimum fluidization hydraulic load-

ing rate appeared to be approximately 10 gpm/ft 2 • 

Thiosulfate Oxidation in a Fluidized Bed 

The objective of this experiment was to investigate the possibilities 

of biologically oxidizing thiosulfate in a fluidized bed. This result 

was accomplished by feeding a synthetic waste into the reactor and 
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observing the profile of the various sulfur compounds and other related 

properties characteristic to thiosulfate oxidation in a biological treat-

ment system. 

Following the initial seeding procedures, the reactor was placed 

into continuous operation for a period of three weeks at a hydraulic 
2 loading rate of 10 gpm/ft and an influent thiosulfate concentration of 

1000 mg/1. During this time biological growth became established on the 

sand but the overall performance of the reactor was very poor. The 

effluent thiosulfate concentration was stable at 950 mg/1. The pH was 

constant at 6.5 and polythionate production accounted for the majority 

of the oxidized thiosulfate. Sulfate concentrations were normally below 

10 mg/1. 

Due to the poor performance of the reactor, an estimation of the 

applied thiosulfate loading rate was made on a basis of available sur-

face area. The hydraulic detention time was also approximated. In 

estimating the surface area of the fluidized bed, the sand grains were 

assumed to be perfect spheres. The available surface area was approxi-

mately 50 square feet. 2 At a hydraulic loading rate of 10 gpm/ft the 

void space detention time was estimated to be one minute. Based on 

the estimated surface area, the thiosulfate loading rate was approxi-
-2 2 mately 640 mg s2o3 /ft /hr. A comparison of this loading rate to those 

of previous investigations concerning thiosulfate oxidation in a rotating 

bio-disc (27) and denitrification in a fluidized bed (77), suggested 

that the reactor was overloaded. 

At this time the influent thiosulfate concentration was reduced to 
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100 mg/1 and the aeration system was added to the reactor. With the 

addition of the aeration system it was necessary to increase the hy-

draulic loading rate to 16.1 gpm/ft 2 in order to prevent the reactor 

from becoming 

became 100 mg 

a slugging bed. The applied thiosulfate loading rate 
-2 2 s2o3 /ft /hr and was maintained at this level for the 

remainder of the investigation. Increasing the hydraulic loading rate 

changed the void space detention time to approximately 0.6 minutes. 

Following the addition of the aeration system, the reactor was 

allowed to operate for one month before the actual testing procedures 

began. An additional month of acclimation was required due to the 

loss of biological mass which occurred during the design and installa-

tion of the aeration system. Several designs were attempted before 

making the final selection. Each time that a new design was intro-

duced, biological mass tended to slough off from the sand grains. 
I 

The initial slugging nature of the bed also contributed to the loss 

of biological mass. 

During the first three weeks of reacclimation, the effluent thio-

sulfate concentration decreased from 80 mg/1 to 64 mg/1. Polythionate 

production increased from 5 mg/1 to 9 mg/1 while sulfate production 

increased from 15 mg/1 to 27 mg/1. The effluent pH dropped from 6.5 

to 6.15. At the end of the fourth week the performance of the reactor 

was stable. 

Figure 17 and Table 5 are a summary of the fluidized bed profile 

during the fourth week. Thiosulfate gradually decreased through the bed 

to a final concentration of 64 mg/1 for a removal efficiency of 36 
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Sample 

Influent 

8" 

17" 

26" 

Effluent 

pH 

6.50 

6.30 

6.20 

6.15 

6.15 

85 

Table 5 

Fluidized Bed Profile at pH 6.5 

100 

85 

75 

67 

64 

5xo-2 
6 

mg/1 

0 

3 

5 

9 

9 

so-2 
4 

mg/1 

0 

12 

20 

24 

27 

Volatile solids 
mgVS/gm sand 

6.8 

9.0 

9.6 
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percent. Sulfate was the major oxidation product, representing 27 per-

cent of the influent thiosulfate. Polythionate production accounted 

for nine percent. Acid production resulting from the oxidation of 

thiosulfate lowered the pH from 6.5 to 6.15. 

Simple linear regression was used throughout the investigation to 

fit straight lines to the volatile solids data. The dashed segments 

at the end of each line indicate that actual data was not obtained 

within those regions of the bed. While operating at a pH of 6.5, 

volatile solids in the reactor increased from 7.9 to 10.0 mg VS/gm sand. 

By summing the area under the volatile solids line the total biological 

mass was determined to be 10,700 mg VS. Based on this total mass, 

the fluidized bed was operating at a thiosulfate F/M of 11.4. The 

oxygen uptake rate at pH 6.5 was 1.07 mg/1 Oz'hr • mg VS. 

Since pH is a primary factor in the biological oxidation of thio-

sulfate, an effort to improve the efficiency of the reactor was made 

by adjusting the influent pH of the feed water using hydrocloric acid. 

The pH conditions evaluated were 6.0, 5.2, 4.0, and 2.9. Each pH level 

was evaluated for a period of five days. Acclimation to each new pH 

condition was very brief. Usually within 24 hours the performance of 

the reactor had reached a stable condition. With the exception of 

pH 2.9 the data presented is an average of the results obtained over a 

four day period. Throughout this phase of the investigation the ef-

fluent dissolved oxygen (DO) concentration fluctuated between two and 

three mg/1. 
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Results of the fluidized bed profile at pH 6.0 are presented in 

Figure 18 and Table 6. These results show that the overall performance 

of the reactor was still low. Thiosulfate decreased in a nonuniform 

manner to a final concentration of 52 mg/1 for a removal efficiency of 

48 percent. Sulfate production was consistent and accounted for 25 

percent of the influent thiosulfate. Polythionate on the other hand 

was essentially constant through the reactor at a concentration of 

16 mg/1 but ultimately represented 20 percent of the influent thio-

sulfate. Acid production caused the pH to decrease from 6.0 to 5.3. 

Volatile solids increased from 7.6 to 11.3 mg VS/gm sand giving a 

total biological mass of 11,475 mg VS. Based on the total mass, the 

reactor was operating at a thiosulfate F/M of 10.7. The oxygen uptake 

rate at pH 6.0 was 0.99 mg/1 o2/hr•rng VS. 

Following acidification to pH 6.0 the influent pH was lowered to 

5.2 in an effort to further improve the performance of the reactor. 

Results of the fluidized bed profile at pH 5.2 are summarized in Figure 

19 and Table 7. Thiosulfate was consistently oxidized to a final con-

centration of 40 ~~/1 for a removal efficiency of 60 percent. Poly-

thionate became the major oxidation product representing 43 percent of 

the influent thiosulfate. Sulfate production accounted for 17 percent. 

The pH was lowered from 5.2 to 4.6 due to the production of acid. 

During this phase of the investigation, a shift in the distribution of 

biological mass occurred. Volatile solids increased through the reactor 

from a concentration of 1.3 mg VS/gm sand to 18.5 mg VS/gm sand giving 
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Sample pH 

Influent 6.0 

8" 5.8 

17" 5.6 

26" 5.5 

Effluent 5.3 

89 

Table 6 

Fluidized Bed Profile at pH 6.0 

100 1 

68 16 

65 15 

60 16 

52 20 
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mg/1 
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10 
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22 

25 

Volatile solids 
mgVS/gm sand 

8.8 

9.5 

11.2 
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Sample 

Influent 

8" 

17" 

26" 

Effluent 

pH 

5.2 

5.0 

4.8 

4.6 

4.6 

91 

Table 7 

Fluidized Bed Profile at pH 5.2 

99 

72 

54 

43 

40 

1 

23 

36 

43 

43 

so-2 
4 

mg/1 

0 

1 

8 

14 

17 

Volatile solids 
mgVS/gm sand 

6.1 

10.6 

16.4 
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a total biological mass of 11,840 mg VS. Based on the total mass, the 

reactor was operating at a thiosulfate F/M of 10.3. The oxygen uptake 

rate at pH 5.2 was 0.81 mg/1 o2/hr•mg VS. 

Up to this time lowering the influent pH had progressively improved 

the efficiency of thiosulfate removal but the major oxidation product 

was shifting to polythionate. This shift was indicative of incomplete 

thiosulfate oxidation. Again the influent pH was lowered another step 

to 4.0 in anticipation that thiosulfate oxidation would continue to 

increase and that the major oxidation product would shift back to 

sulfate. 

The results of the fluidized bed profile at pH 4.0 are presented 

in Figure 20 and Table 8. Thiosulfate removal in the reactor continued 

to improve and reached an efficiency of 77 percent. Polythionate was 

still the major oxidation product and represented 57 percent of the 
I 

influent thiosulfate. Sulfate production was still consistent but only 

accounted for 23 percent of the influent thiosulfate. In conjunction 

with the increase in polythionate production, the pH through the fluidized 

bed also began to increase. A combination of polythionate and sulfate 

production maintained the pH at 4.5 throughout the length of the reactor. 

Volatile solids increased from 5.9 to 18.0 mg VS/gm sand giving a total 

biological mass of 14,435 mg VS. Based on the total mass, the reactor 

was operating at a thiosulfate F/M of 8.4. The oxygen uptake rate at 

pH 4.0 was 0.78 mg/1 02/hr•mg VS. 

Following the evaluation of pH 4.0 the acid feed was again in-

creased to lower the influent pH to 2.9. During the first three days of 
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Sample 

Influent 

8" 

17" 

26" 

Effluent 

pH 

4.0 

4.5 

4.6 

4.5 

4.5 

94 

Table 8 

Fluidized Bed Profile at pH 4.0 

100 0 

58 32 

40 41 

28 52 

23 57 

so-2 
4 

mg/1 

0 

8 

15 

18 

23 

Volatile solids 
mgVS/gm sand 

9.7 

11.8 

17.0 
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operation the reactor responded in the usual manner by acclimating to 

the new acid level within 24 hours and thereafter maintaining a stable 

condition, For the next three days the fluidized bed operated continu-

ously but all testing procedures were postponed. Figure 21 and Table 

9 are a summary of the fluidized bed profile at pH 2.9 during the first 

three days of operation. Thiosulfate steadily decreased through the 

reactor to a final concentration of 26 mg/1 achieving a removal effici-

ency of 74 percent. Polythionate was the principal oxidation product 

and accounted for 72 percent of the influent thiosulfate. Sulfate pro-

duction was extremely low and represented only four percent of the 

influent thiosulfate. Polythionate production caused the pH to steadily 

increase from 2.9 to 3.3. Volatile solids and the oxygen uptake rate 

were not measured. 

On the seventh day numerous areas ofi bare sand were observed along 

the length of the column indicating that a considerable amount of bio-

logical growth had been lost from the reactor. Samples collected on 

this day showed that thiosulfate removal had dropped to 46 percent. 

Polythionate and sulfate. respectively, represented 44 and two percent 

of the influent thiosulfate. The pH increased from 2.9 to 3.1. 

By the eighth day a complete washout had occurred, Due to the 

loss of the biological mass, volatile solids and the oxyten uptake 

rate were not measured. For the next three weeks the influent feed 

was maintained at a pH of 2.9 in an effort to reestablish the biologi-

cal growth, During this time reseeding was attempted by injecting 

various volumes of the isolated Thiobacillus culture into the lower 
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Sample 

Influent 

8" 

17" 

26" 

Effluent 

Fluidized 

pH 

2.9 

3.1 

3.2 

3.3 

3.3 

97 

Table 9 

Bed Profile 

-2 
S203 
mg/1 

100 

78 

51 

35 

26 

at pH 2.9 

-2 so-2 Sx06 4 
mg/1 mg/1 

0 0 

20 1 

46 1 

62 2 

72 4 
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end of the main feed line using a hypodermic syringe. The fluidized bed 

did not recover under this condition. 

At this time the acid feed was discontinued, reestablishing an in-

fluent pH of 6.5. Aeration within the fluidized bed was also discontinued 

in an effort to reduce any shearing action brought about by oxygen bub-

bles moving through the bed. Since aeration had been eliminated, a dis-

solved oxygen lake probe was placed above the surface of the sand bed 

in order to monitor the effluent DO. During the next week the effluent 

DO dropped from 8.5 mg/1 to zero indicating an increase in biological 

activity. As the effluent DO approached zero, the sand began to develop 

a black coating. In the previous phases of the investigation the outer 

layer of biological mass was consistently light yellow in color while 

the inner layer was-typically black. Analysis of an effluent sample 

showed the thiosulfate concentration to be 80 mg/1. Sulfate and poly-

thionate concentrations were 15 mg/1 and 4 mg/1, respectively. The 

effluent pH was 6.3. 

Thiosulfate oxidation under anaerobic conditions was briefly evalu-

ated by substituting the nitrogen source, ammonium sulfate, with ammonium 

nitrate (NH4No3). In an anaerobic environment the nitrate ion is used by 

T. denitrificans and T. thioparus as the terminal electron acceptor 

(40, 68). Sufficient ammonium nitrate was added to the concentrated feed 

tank to give a final influent concentration of 30 mg/1 as nitrogen. 

Analysis of an effluent sample 24 hours later showed the thiosulfate and 

sulfate concentrations to be 90 and 7 mg/1 respectively. Polythionate 

was not detected, The effluent pH was 6.4 and the DO had increased to 
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0.5 mg/1. Since ammonium nitrate did not appear to improve the perfor-

mance of the reactor, ammonium sulfate was reestablished as the nitrogen 

source and aeration was resumed. The reactor was maintained in continu-

ous operation for an additional two weeks without further improvement. 

At the end of the two week period, operation of the fluidized bed was 

discontinued. 

A summary of the thiosulfate profiles at the various pH conditions 

is presented in Figure 22. This illustration shows that down to a pH 

of 4.0 the incremental decrease of the influent pH consistently improved 

the removal of thiosulfate. At pH 2.9 thiosulfate removal was slow 

through the first 17 inches of the bed but ultimately approached the same 

degree of removal as pH 4.0. Comparing the polythionate profiles at the 

various acidic conditions shows that polythionate production uniformly 

increased as the influent pH was lowered. This comparison is shown in 

Figure 23. 

Conversely, sulfate production generally decreased as the influent 

pH was lowered. The exception to this general trend occurred at pH 

4.0 when sulfate production exceeded that of pH 5.2. The sulfate pro-

files are illustrated in Figure 24. A comparison of Figures 23 and 24 

shows that the principal thiosulfate oxidation product shifted from 

sulfate to polythionate as the influent pH was lowered. At pH 6.5 sul-

fate production exceeded the production of polythionate but at pH 6.0 

the difference was not appreciable. Below a pH of 6.0 polythionate was 

always the major oxidation product. 

A summary of the pH profiles in Figure 25 shows that at the 
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influent pH levels of 6.5, 6.0, and 5.2, acid was progressively being 

produced along the length of the bed. At pH levels of 4.0 and 2.9, the 

pH consistently increased due to the production of polythionate. 

The distribution of biomass through the fluidized bed at the vari-

ous pH conditions is shown in Figure 26 and generally summarized in 

Table 10. With the exception of lowering the influent pH from 4.0 to 

2.9, decreasing the influent pH resulted in an increase of biomass. 

The largest incremental increase occurred at pH 4.0. At pH levels of 

6.5 and 6.0 the distribution of biological mass was very similar but on 

a comparative basis the total mass at pH 6.0 was greater than that of 

pH 6.5 by seven percent. At pH 5.2 the distribution shifted. However, 

the total biological mass was only three percent greater than that of 

pH 6.0. Decreasing the influent pH from 5.2 to 4.0 resulted in a 22 

percent increase in total biomass. Due to ,the washout which occurred 

at pH 2.9, volatile solids were not measured. Using a void space volume 

of 530 ml, the volatile solids concentrations ranged from 20,000 to 

27,000 mg/1. 

During the time that the fluidized bed was operating continuously, 

the effluent was discharged into a 1500 ml beaker situated in the 

laboratory sink. The purpose of the beaker was to prevent sand from 

being discharged directly into the drain. Very little sand was ever 

discharged, but as the investigation progressed the sides of the beaker 

became heavily coated with biological growth. Frequent microscopic ob-

servations of samples from the reactor and the beaker revealed short, 

Gram negative, motile rods typical of the Thiobacilli. 
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pH 

6.5 

6.0 

5.2 

4.0 

2.9 

106 

Table 10 

Summary of Volatile Solids Data 

Total biomass 
mgVS 

10,700 

11,475 

11,840 

14,435 

Incremental 
percent 
increase 

7 

3 

22 

Volatile solids 
concentration 

mg/1 

20,000 

21,700 

22,300 

27,200 
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As shown in Figure 26, biological growth was normally very dense in 

the lower regions of the bed. At times this feature presented problems 

because the gravel tended to agglomerate into a solid mass causing the 

flow to decrease and inducing a slugging action in the bed. Aerating the 

bottom of the reactor with several short blasts of compressed air usually 

released the agglomerated mass. 

Throughout the investigation, while performing the volatile solids 

analysis, it was consistently noticed that the odor of burning sulfur 

was given off when the samples were removed from the drying oven. The 

biological mass was not analyzed for elemental sulfur. 

A summary of the oxygen uptake rates is presented in Figure 27. 

Simple linear regression was used to fit a straight line to the data. 

This illustration shows that down to a pH of 4.0 the oxygen uptak~ rate 

decreased as the influent pH was lowered. Due to the washout of the 

biological mass, the oxygen uptake rate was not measured at pH 2.9. 

As a final sunnnary, the overall efficiencies of the fluidized bed 

are illustrated in Figure 28 in terms of thiosulfate removal, poly-

thionate production, and sulfate production. Simple linear regression 

was used to fit a straight line to the sulfate data. This figure shows 

that thiosulfate removal reached a maximum efficiency of 75 percent at 

pH 4.0. Polythionate production continuously increased from nine percent 

to 72 percent as the pH was made more acidic while sulfate production 

decreased from 27 percent to four percent. It is interesting to note the 

similarity between sulfate production in Figure 28 and oxygen uptake 
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rates in Figure 27. Sulfate production and the oxygen uptake rate both 

decreased as the influent pH became more acidic. 

Acid Decomposition of Thiosulfate 

Acid decomposition of thiosulfate under purely chemical conditions 

was investigated with the intent of evaluating the effects of pH on 

various concentrations of thiosulfate. The actual experiment was con-

ducted in a series of batch tests by subjecting various concentrations of 

thiosulfate to different levels of pH. Concentrations of thiosulfate 

which were evaluated included 100, 200, 500, 750, and 1000 mg/1. Each 

test was examined by monitoring thiosulfate, polythionate, and sulfate. 

Results of the experiment are surranarized in Table 11. 

The effects of pH on thiosulfate are shown in Figure 29 through 33. 

In all cases lowering the pH resulted in thiosulfate decomposition. With 

the exception of 1000 mg/1, each thiosulfate concentration produced poly-

thionate following acidification. Throughout the experiment sulfate was 

never detected as a decomposition product. 

Between pH levels of 6.5 and 3.0, thiosulfate decomposition pro-

ceeded gradually and normally averaged 30 percent. The exception to this 

occurred at a thiosulfate concentration of 1000 mg/1 where lowering the 

pH down to 3.0 only destroyed six percent of the initial thiosulfate. 

Below a pH of 3.0 decomposition increased very sharply. At thiosulfate 

concentrations of 100 and 200 mg/1, acidification to pH 2.0 resulted in 

50 percent destruction of the initial thiosulfate. Thiosulfate concen-

trations of 500, 750, and 1000 mg/1 showed 75 percent decomposition at 
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Table 11 

Acid Decomposition of Thiosulfate 

-2 -2 -2 
-2 S203 -2 S203 Decom[osed S203 

S20/: Decomposition S 06 to Sx06 Balance 
X 

pH mg 1 % mg/1 % mg/1 

6.9 98 0 98 
5.8 92 6 6 6 98 
5.0 84 14 14 14 98 
4.0 74 24 26 26 100 
3.0 66 33 34 34 100 
2.0 48 51 35 35 83 
1.0 9 91 49 49 58 
7.0 196 0 196 
6.0 188 4 4 2 192 
4.8 184 6 6 3 190 
4.0 178 9 13 7 191 
3.0 161 18 28 14 189 
2.0 98 50 15 113 
1.0 10 95 55 28 65 
6.4 510 0 510 
5.9 469 8 0 0 469 
4.7 443 13 31 6 474 
4.0 434 15 38 7 472 
3.0 362 29 63 12 425 
2.0 141 72 65 13 206 
1.0 11 98 119 2l1 130 
6.4 738 0 738 
6.0 672 9 31 4 708 
4.8 601 19 111 15 712 
4.0 594 20 110 15 704 
3.0 510 31 163 22 675 
2.0 177 76 209 28 404 
1.0 12 98 209 28 394 
6.5 1000 0 0 1000 
6.0 973 3 0 0 973 
4.7 992 1 0 0 992 
3.9 990 1 0 0 990 
3.0 938 6 0 0 938 
2.0 249 75 0 0 249 
1.0 30 97 0 0 97 
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a pH of 2.0. Reducing the pH to 1.0 resulted in better than 90 percent 

decomposition at all thiosulfate levels. 

As thiosulfate decomposed by gradually lowering the pH, the poly-

thionate concentration typically increased. However, on a percentage 

basis, less thiosulfate was converted to polythionate as the initial 

thiosulfate concentration increased. At a concentration of 100 mg/1, 

49 percent of the initial thiosulfate was converted to polythionate by 

lowering the pH to 1.0. At concentrations of 200, 500, and 750 mg/1, 

approximately 25 percent of the initial thiosulfate was converted to 

polythionate at a pH level of 1.0. Polythionate was not detected at a 

thiosulfate concentration of 1000 mg/1. 

A summary of the acid decomposition experiment is shown in Figure 

34. The most striking feature of this illustration is that, regardless 

of the initial thiosulfate concentration, once the pH was lowered below 

3.0, acid decomposition proceeded very rapidly. 

As shown in Table 11, the thiosulfate balance down to pH 3.0 

generally accounted for n1ost of the initial thiosulfate as polythionate 

and thiosulfate. At pH levels of 2.0 and 1.0, polythionate and thio-

sulfate did not provide a complete balance. While performing the experi-

ment it was consistently observed that acidification to a pH of 2.0 caused 

the solutions to become very turbid. Microscopic observations of samples 

acidified to pH 2.0 and 1.0 revealed the presence of particulate matter 

which resembled elemental sulfur crystals. Based on the incomplete 

thiosulfate balance and the results of previous investigations (3,11,17) 

, 
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the particulate matter was assumed to be crystals of elemental sulfur. 

A sketch of a typical sulfur crystal is shown in Figure 35. Although 

the inclusion of elemental sulfur would undoubtedly aid in completing 

the thiosulfate balance, the possibility exists that other sulfur com-

pounds such as sulfur dioxide, hydrogen sulfide, and sulfur oils were 

also produced. 

Influence of Trace Nutrients on Oxygen Uptake 

The influence of trace nutrients on oxygen uptake was evaluated 

by comparing the oxygen uptake rates of the isolated Thiobacillus cul-

ture using the fluidized bed synthetic feed and the synthetic feed 

supplemented with trace nutrients. The supplementary trace nutrients 

consisted of the following elements: zinc, iron, molybdenum, copper, 

and cobalt. Oxygen uptake rates under various pH conditions and a 

thiosulfate concentrations of 100 mg/1 were measured at 20°C. The pH 

conditions ranged between 6.5 and 3.0. Endogenous oxygen uptake rates 

were also measured. 

The results of this experiment are summarized in Figure 36 and 

Table 12. Generally, endogenous oxygen uptake rates were lower when 

the isolated Thiobacillus culture was supplemented with the trace nu-

trients. However, at pH levels of 6.5 and 3.0, the endogenous oxygen 

uptake rates were essentially the same under both conditions. Figure 

36 shows that pH also influenced the rate of endogenous oxygen uptake. 

Normally, as the pH decreased the endogenous oxygen uptake rate also 

decreased. 
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Figure 35. Typical Sulfur Crystals From Acid 
Decomposition of Thiosulfate 
(not to scale) 
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pH 

6.5 

6.0 

5.0 

4.0 

3.0 

Endogenous Oz 
uptake rate 
mg/1 o2/hr 

0.54 

0.05 

0.40 

0.18 

0.05 

Table 12 

Influence of Trace Nutrients on Oxygen Uptake 

Trace-Endogenous 
02 uptake rate 

mg/1 02/hr 

0.47 

0.34 

0 

0 

0.11 

-2 Sz03 Oz 
uptake rate 
mg/1 02/hr 

o. 77 

0.67 

0.49 

0.62 

0.93 

-2 Trace Sz03 
Oz uptake rate 

mg/1 o2/hr 

1.60 

1.89 

1.31 

1.54 

1.52 

-2 Trace-s 203 
-2 Sz03 

2.08 

2.82 

2.67 

2.48 
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Figure 36 shows that the trace nutrients significantly influenced 

the rate of oxygen uptake during thiosulfate oxidation. Oxygen uptake 

rates at a thiosulfate concentration of 100 mg/1 were higher when the 

culture was supplemented with the trace nutrients. A comparison of the 

two rates, as listed in Table 12, shows that normally, the trace-

supplemented oxygen uptake rate was 2.5 times higher. The rate of oxy-

gen uptake was also influenced by pH. Under both conditions, lowering 

the pH from 6.5 to 3.0 resulted first in a decrease of the oxygen uptake 

rates followed by an increase as the pH was lowered below 5.0. 

Influence of pH on Thiosulfate BOD 22 

The influence of pH on thiosulfate non22 was evaluated by using the 

Hach BOD apparatus. BOD22 measurements were made on a thiosulfate concen-

tration of 1000 mg/1 at pH conditions ranging from 6.5 to 3.0. Each test 

was seeded with the isolated Thiobacillus culture at a thiosulfate F/M 

of ten. 

The results of this experiment, which are presented in Figure 37, 

show that pH significantly influenced measurable BOD22• Decreasing the 

pH from 6.5 to 3.0 progressively inhibited BOD exertion. The most sig-

nificant effect occurred at pH levels of 4.0 and 3.0 where the BOD22 was 

almost completely suppressed. As seen from these results, five days 

was an insufficient amount of time to' conduct the test. Each BOD test 

was incubated for 22 days in order to measure the maximum effect of pH 

on BOD. 
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Precipitation of Thiosulfate with BaC03 

Thiosulfate precipitation with barium carbonate was investigated 

by performing a jar test similar to those used in water softening experi-

ments. Concentrations of barium carbonate evaluated included: 1, 5, 

10, 15, 20, and 25 gm/1. Thiosulfate was set at an initial concentration 

of 1000 mg/1. 

Measuring the thiosulfate concentrations at the end of the experi-

ment showed that thiosulfate remaining in solution averaged 960 mg/1. 

Barium carbonate failed to precipitate thiosulfate. 



DISCUSSION OF RESULTS 

The following section is a discussion of the experimental results 

obtained during this investigation. 

Nutrient Requirements of the Isolated 
Thiobacillus Culture 

The nutrients which were studied in detail in terms of bacterial 

requirement were nitrogen and phosphorus. 

Nitrogen requirements. Using a series of batch tests, the ammonia 

nitrogen requirements of the isolated Thiobacillus culture were shown 

to be relatively low. This conclusion is based on the manner in which 

ammonia nitrogen concentrations ranging from five to 35 mg/1, influenced 

the oxidation of thiosulfate. At each ammonia nitrogen concentration, 

thiosulfate oxidation was influenced to the same extent. 

Based on the results of this experiment it appears than an ammonia 

nitrogen concentration of 5 mg/1 should be sufficient for successful 

oxidation .of thiosulfate at a concentration of 1000 mg/1. Expressed 
-2 as the ratio of s2o3 to N, the desirable ratio for a thiosulfate waste 

treatment system would be 1000 to 5. This value is in excellent agree-

ment with the ratio extablished by Duncan (27) for a bio-disc system 

treating a thiosulfate waste. The established ratio was 1000 to 6.2. 

A previous investigation by Kreye (25) also established that the nitrogen 

requirements of a Thiobacillus activated sludge system were relatively 

low. However, a precise numerical relationship between thiosulfate and 
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nitrogen was not defined in that study. 

Phosphorus requirements. Batcn test evaluations on the phosphorus 

requirements of the isolated Thiobacillus culture have demonstrated 

that phosphorus can either limit, improve, or suppress the oxidation 

of thiosulfate. At a concentration of one mg/1, phosphorus was in-

adequately supplied and limited the oxidation of thiosulfate. In-

creasing the concentration to ten and 100 mg/1 provided sufficient 

phosphorus to improve thiosulfate oxidation. A further increase to 

1000 mg/1 caused the phosphorus level to be excessive to the point 

that thiosulfate oxidation was suppressed. Polythionate and sulfate 

production responded in a similar manner. 

Typically thiosulfate oxidation results in decreasing the pH of 

the culture media to an extremely acid condition. This result was 

observed in each batch test, except at a phosphorus concentration of 

1000 mg/1 where the pH was firmly buffered at 5.5. The inability of 

the isolated Thiobacillus culture to lower the pH at this phosphorus 

level suggests that the suppressive action associated with the high 

phosphorus concentration was due to the buffering capacity. 

Suppressed buffering at a phosphorus concentration of 1000 mg/1 is 

demonstrated by following the manner in which thiosulfate oxidation and 

polythionate and sulfate production progressed throughout the experi-

ment, During the first 120 hours of incubation, the above reactions at 

a phosphorus concentration of 1000 mg/1, proceeded at a faster rate than 

those at the lower phosphorus levels. Beyond 120 hours, the overall 

oxidation of thiosulfate at 1000 mg/1 phosphorus began to lag behind the 

lower phosphorus concentrations, where the overall oxidation continued 
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to progress as did the lowering of the pH. The inability to lower the 

pH, due to strong buffering, resulted in suppressed thiosulfate oxida-

tion at a phosphorus concentration of 1000 mg/1. 

In the Warburg oxygen uptake experiment, the limiting nature of phos-

phorus was again established at a concentration of one mg/1 but a 

suppressive effect at a concentration of 1000 ~g/1 was not demonstrated. 

Phosphorus concentrations ranging between ten and 1000 mg/1 signifi-

cantly improved the oxygen uptake but the differences in the final 

results were not appreciable. 

Based on the results of the batch and oxygen uptake Cjq>eriments, 

it appears that a phosphorus concentration between ten and 50 mg/1 should 

be sufficient for the successful biological treatment of thiosulfate at 

a concentration of 1000 mg/1. This level is in excellent agreement with 

the phosphorus requirements established by Kreye (25). While conducting 

an activated sludge treatability study on a sulfur dye waste, increasing 

the phosphorus concentration from 5.5 to 14 mg/1 was reported to result 

in excellent thiosulfate removal. 

Considering the results of this experiment and the phosphorus re-

quirements established by Kreye (25), operating a thiosulfate waste 
-2 treatment system at a range of s2o3 :P ratios between 1000:10 and 

1000:50 should provide an adequate supply of phosphorus. This ratio 

differs considerably with the ratio established by Duncan (27) for a 

bio-disc system. His established ratio was 1000:1.6. 

Unlike nitrogen, phosphorus was demonstrated to be an influential 

nutrient in the oxidation of thiosulfate. Providing phosphorus in 



129 

either an inadequate or excessive amount could prove to be detrimental 

to a biological system treating thiosulfate. 

By combining the results of the nitrogen and phosphorus experiments 

it is possible to establish the range of the desirable s2o32 :N:P ratios 

for successful biological treatment of a thiosulfate waste. The ratios 

should range between 1000:5:10 and 1000:5:50. 

Thiosulfate Oxidation in a Fluidized Bed 

A laboratory scale, autotrophic fluidized bed was developed for the 

oxidation of thiosulfate. The reactor was maintained at a hydraulic 
2 loading rate of 16.1 gpm/ft and an influent thiosulfate concentration 

of 100 mg/1. The void space detention time at this loading rate was 

approximately 0.6 minutes. Through a series of influent pH adjust~ents, 

the fluidized bed demonstrated the ability to remove up to 75 percent of 

the applied thiosulfate, but the intermediate thiosulfate metabolic 

product, polythionate, proved difficult to oxidize. Due to the high 

oxygen demand of thiosulfate and the high concentration of volatile 

solids in the reactor, aeration with high purity oxygen was required 

to maintain an aerobic environment. Continuous operation of the flu-

idized bed also verified the preference of Thiobacillus bacteria to 

attach to a solid surface. 

During the initial period of continuous operation the fluidized 

2 bed was set at a hydraulic loading rate of 10 gpm/ft and an influent 

thiosulfate concentration .of 1000 mg/1. The void space detention time 

was approximately one minute. Based on the estimated surface area, 
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-2 2 the applied thiosulfate loading rate was approximately 640 mg s2o3 /ft/ 

. hr. Due to the poor performance of the reactor during this time, a 

comparison was made between the applied thiosulfate loading rate and the 

loading rates reported for a bio-disc system oxidizing thiosulfate (27) 

and a fluidized bed denitrifying domestic sewage (77). The bio-disc 

unit had a detention time of 34 minutes and was operated at an applied 

-2 2 thiosulfate loading rate of 170 mg s2o3 /ft /hr. The fluidized bed 

had a void space detention time of approximately five minutes and was 

operated at an applied nitrate loading rate of approximately 125 mg 
- 2 N03/ft /hr. This comparison suggested that the fluidized bed was over-

loaded, so the applied thiosulfate loading rate was lowered to approxi-
-2 2 mately 100 mg s2o3 /ft /hr. 

Following the decrease in the thiosulfate loading rate the reactor 

was still not performing satisfactorily. Since an acidic pH is generally 

known to enhance the biological oxidation of thiosulfate, the fluidized 

bed was subjected to a series of decreasing pH conditions in an effort 

to improve thiosulfate oxidation. 

The overall efficiency of the fluidized bed was found to ~e sig-

nificantly influenced by lowering the influent pH from 6.5 to 2.9. 

Thiosulfate removal responded favorably by increasing from an efficiency 

of 36 percent to one of 75 percent. Although not considered a favorable 

response, polythionate production increased from nine to 72 percent. 

Sulfate production responded adversely by decreasing from 27 to four per-

cent. Considering that sulfate is the desirable, ultimate end product 

of thiosulfate oxidation, it is apparent that lowering the influent pH 
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had an overall, adverse effect on the performance of the fluidized bed. 

During the course of lowering the influent pH, the major thiosul-

fate oxidation product consistently changed from sulfate to poly-

thionate. At a pH of 2.9 the oxidized thiosulfate was almost com-

pletely converted to polythionate. This shift indicated an incomplete 

oxidation of thiosulfate and implied that a high oxygen demand still 

remained. 
. -2 

Since tetrathionate (s4o6 )is known to be the principal polythionate 

produced during thiosulfate oxidation (1) it is assumed that such was 

the condition in the fluidized bed. In oxidizing thiosulfate to 

tetrathionate, the oxidation state of sulfur changes from +2 to +2.5, 

while a complete oxidation to sulfate changes the sulfur oxidation 

state from +2 to +6. Thus the conversion of thiosulfate to tetra-

thionate in the fluidized bed satisfied only a fraction of the total 

oxygen demand. This result is further suggested by the manner in which 

the oxygen uptake rate and ultimate sulfate production decreased as 

the influent pH was lowered. The decreasing oxygen uptake rate indi-

cates less oxygen was being used due to the decrease in sulfate pro-

duction. 

Profiles of pH through the fluidized bed generally followed the 

pattern established with the shift in the major thiosulfate oxidation 

product. As the oxidation product changed from the production of 

sulfate to polythionate, the pH profile shifted from acid production 

to alkalinity production. The increase in alkalinity was a result of 

the production of hydroxide ions as shown in the following equation: 



132 

(24) 

Throughout the investigation lowering the influent pH had the effect 

of decreasing the oxygen uptake rate and the production of sulfate. Both 

of these results are evidence that increasing acidity had an adverse 

effect on biological activity within the fluidized bed. These results 

also suggest that the isolated Thiobacillus culture consisted predomi-

nantly of a strain or strains of Thiobacilli which were suppressed by 

low acid conditions. The final washout and the inability of the fluidized 

bed to recover at a pl! of 2.9 further indicates that the isolated Thie-

bacillus culture was not acid tolerant. 

Various strains of the Thiobacilli are known to be incapable of 

tolerating extremely acid conditions. Two of the more commonly found 

species include T. thioparus and!• denitrificans. Both of these or-

ganisms are capable of oxidizing thiosulfate and have an optimum pH 

near 7.0 (39). These organisms can also be found in domestic sewage 

(1). Of these two. T. thioparus is the most acid resistant. This or-

ganism has been reported to drop the pH as low as 2.8 and still survive 

(40). It seems that under conditions in which the pH is gradually 

lowered. a certain adaptive tolerance to an extremely acid condition 

is developed. The brief evaluation of anaerobic thiosulfate oxida-

tion also suggests the presence of!• thioparus or!· denitrificans, 

since both of these organisms are known to anaerobically oxidize thio-

sulfate (40,68). 

Although the limited performance of the fluidized bed was most 
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likely due to the isolation of a nonacid tolerant Thiobacilli, the pos-

sibility exists that the ultimate electron acceptor for either aerobic 

or anaerobic oxidation of thiosulfate could have been limiting. If 

the ultimate electron acceptor was limiting, this would explain the 

suppressed performance of the fluidized bed at a pH of 6.5. 

Observations that the internal. layer of the attached biomass was 

black, as was the sand coating during the brief evaluation of anaero-

bic oxidation of thiosulfate, indicate that an anaerobic layer did exist 

within the biofilm. Considering the requirement for nitrate as the 

ultimate electron acceptor in anaerobic oxidation of thiosulfate, and 

the fact that nitrate was not supplied, suggests that the lack of nitrate 

couldhave limited the complete oxidation of thiosulfate. 

Oxygen could also have been the limiting species. Owen and William-

son (79) have verified the prediction by Williamson and McCarty (70) 

that oxygen at typical dispersed growth concentrations can limit the 

kinetics of aerobic biofilms. Considering the DO concentration in 

the fluidizing bed, which ranged between two and three mg/1, oxygen 

could also have limited the complete oxidation of thiosulfate. 

Determination of the distribution of the biological mass through the 

fluidized bed showed that the solids concentrations were higher in the 

upper regions of the bed. This result was caused by the sand grains 

rising due to becoming less dense as the biological growth developed. 

Although the sand grains rose to different levels of the bed as they 

became less dense, a heavy growth was always present in the bottom 

regions of ·the bed. 
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Total biomass concentrations in the fluidized bed, ranging from 

20,000 to 27,200 mg/1 VS, generally agreed with the fluidized bed con-

centrations reported by Jeris and Owens (77). Jeris and Owens have 

reported concentrations of 30,000 to 40,000 mg/1 VS for a fluidized 

bed denitrifying domestic sewage. 

Based on the total biological mass within the reactor and the 

influent thiosulfate concentration of 100 mg/1, the fluidized bed was 

operated at thiosulfate F/M ratios ranging between 8. 4 and 11.4. 

These ratios were well within the range of F/M ratios reported by Kreye 

(25) for an autotrophic activated sludge process treating thiosulfate. 

The reported thiosulfate F/M ratios ranged between 8.1 and 26. 

Solids production within the fluidized bed was generally low. 

The largest incremental increase occurred at pH 4.0 and was measured 

at 22 percent. Solids production in an activated sludge process 

treating thiosulfate was also reported to be low (25). Generally 

solids production in an autotrophic system is expected to be low due 

to the high energy requirements for converting CO2 to cell inter-

mediates. 

Although the biological mass was not analyzed for elemental sulfur, 

it was consistently noticed that the odor of burning sulfur was given 

off while determining the biological solids concentrations. This ob-

servation suggests that the sulfur content of the biological mass was 

increasing due to ability of the Thiobacilli to accumulate extracellular 

elemental sulfur. This same result has been previously reported on a 

more quantitative basis, in a case where the sulfur content of activated 
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sludge was shown to increase while oxidizing thiosulfate (29). 

Based on the results of this investigation, it is evident that 

further research is necessary in order to firmly establish whether 

or not a fluidized bed process can be used as a means of treating 

thiosulfate wastes. Potentially, the process is sound and demands 

further research. 

Acid Decomposition of Thiosulfate 

Using a series of batch tests, acidification with hydrochloric acid 

was shown to have the effect of decomposing thiosulfate. One of the 

products of decomposition was identified as polythionate while a 

second decomposition product was assumed to be elemental sulfur 

based on the following criteria: microscopic observations, an in-

complete thiosulfate balance at the lower levels of acidity, and the 

results of previous investigations (3,11,17). 

The extent of thiosulfate decomposition was found to be highly 

dependent upon pH and to a slight extent dependent on the initial thio-

sulfate concentration. Acidification to a pH of 3.0 resulted in 30 

percent decomposition at all thiosulfate concentrations except 1000 

mg/1. Below a pH of 3.0, acid decomposition increased very sharply with 

50 to 75 percent decomposition occurring at a pH of 2.0 and better than 

90 percent decomposition occurring down to a pH of 1.0. 

Polythionate production was found to be dependent upon the initial 

thiosulfate concentration. As the initial thiosulfate concentration 

increased, a smaller percentage was converted to polythionate by 

lowering the pH to 1.0. At a concentration of 100 mg/1, 49 percent 
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of the initial thiosulfate was converted to polythionate while at con-

centrations of 200, 500, and 750 mg/1 only 25 percent of the initial 

thiosulfate was converted in this manner. Polythionate was not de-

tected in the system containing an initial thiosulfate concentration 

of 1000 mg/1. 

Down to a pH of 3.0, the thiosulfate balance accounted for most of 

the initial thiosulfate as polythionate and thiosulfate. Below a pH 

of 3.0 the thiosulfate balance was incomplete due to the precipitation 

of elemental sulfur and the possible formation of other compounds such 

as sulfur dioxide, hydrogen sulfide, and sulfur oils. The latter sul-

fur compounds have been previously detected and their production is 

dependent upon pH (5,16). 

Although acid decomposition is an excellent means of removing thio-

sulfate, its potential as a possible treatment method is limited. As 

previously noted, chemical costs would be the prohibiting factor (25). 

The manner in which pll levels below 3.0 effect thiosulfate, sug-

gests the consideration of a second mechanism of thiosulfate removal in 

a biological system treating thiosulfate wastes. Typically, pH condi-

tions in a thiosulfate waste treatment system are at a level of 2.0 

or lower. Operating at this pH level undoubtedly brings about the 

precipitation of elemental sulfur along with biological oxidation of 

thiosulfate. 

Zaiser and La Mer have outlined three stages which account for the 

precipitation of sulfur from thiosulfate under purely chemical condi-

tions (17). The first two stages can be shown to apply to a biological 

system treating thiosulfate as well as to a purely chemical system. 
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In the first stage, molecularly dispersed sulfur is immediately 

produced following the initial contact between thiosulfate and the 

acid media. In the second stage the molecularly dispersed sulfur 

condenses on any available nuclei, such as the biomass of a biological 

treatment system. Once the elemental sulfur is adsorbed it can be 

oxidized by the Thiobacilli bacteria. 

This mechanism would provide a partial explanation for the in-

creasing sulfur content of the activated sludge previously reported 

by Aulenbach and Heukelekian (29). The remainder of the explanation 

is provided by the fact that the Thiobacilli have the ability to extra-

cellularly produce elemental sulfur. (1). 

Influence of Trace Nutrients on Oxygen Uptake 

Supplementing the fluidized bed synthetic feed with trace nutri-

ents resulted in significantly influencing the oxygen uptake rate 

during thiosulfate oxidation. The oxygen uptake rate was normally 2.5 

times higher when the isolated Thiobacillus culture was supplemented 

with the trace nutrients. Conversely, the endogenous oxygen uptake rate 

was lower when supplemented with the trace nutrients. This result is 

probably the effect of the trace nutrients increasing metabolic activity 

which caused a more efficient depletion of the cellular reserves during 

the washing of the sludge. 

Although Vishniac and Santer have pointed out that these nutrients 

influence the metabolism of the Thiobacilli, the specific function of 

each nutrient is not explained (39). Presumably, the nutrients are 
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important factors in the enzyme systems of these bacteria. 

Normally trace nutrients such as the ones used in this experiment 

are assumed to be supplied in sufficient quantities by tap water. Since 

tap water was used in this experiment, it appears that some of these nu-

trients were not adequately supplied by the laboratory tap water. 

The influence of pH on the rate of oxygen uptake was also demon-

strated in this e,;periment. By lowering the pH the oxygen uptake rate 

generally decreased. This result is a further indication that the 

isolated Thiobacillus culture was not acid tolennt. 

Influence of pH on Thiosulfate EOD26 
Thiosulfate BOD22 measurements further demonstrated the inability of 

the isolated Thiobacillus culture to tolerate extremely acid conditions. 

Due to this inability, Bon22 exertions were progressively suppressed as 

the pH was lowered from 6.5 to 3.0. 

In general, the shapes of the BOD22 curves at pH levels 6.5 to 5.0 

tend to indicate the progressive oxidation of thiosulfate and poly-

thionate. The first 11 days represent the oxidation of thiosulfate 

to polythionate and some sulfate, while the remaining 11 days represent 

the oxidation of polythionate to sulfate. This progressive oxidation 

is in excellent agreement with the previous discussion on the incom-

plete oxidation of thiosulfate in the fluidized bed. At pH levels of 4.0 

and 3.0, thiosulfate oxidation was almost completely suppressed due to 

the extremely acid conditions. 

Based on the results of this experiment and the performance of the 

fluidized bed, it is concluded that the isolated Thiobacillus culture 

\ 
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was not suitable for thiosulfate oxidation in a thiosulfate waste treat-

ment system. The ideal culture would be one that could optimally oxi-

dize thiosulfate to sulfate under extremely acid conditions. One such 

organism is T. thiooxidans. 

Precipitation of Thiosulfate with BaC03 

Jar test evaluations of thiosulfate precipitation by barium car-

bonate failed to demonstrate any significant removal of thiosulfate. 

Considering the results of this experiment it is evident that this 

method is not suitable for thiosulfate treatment. Although the evaluation 

was very brief it is possible that other factors such as pH could have 

been important to the experiment. 

Justification for investigating thiosulfate precipitation by barium 

was based on the interference of thiosulfate in sulfate analysis. Al-

though the amount of thiosulfate that was precipitated was not extensive 
' 

from the standpoint of thiosulfate treatment, it could be a significant 

interference in the analysis of sulfate. 



CONCLUSIONS 

The major conclusions drawn from this investigation are the fol-

lowing: 

1. Thiobacilli have relatively low ammonia nitrogen requirements 

for the oxidation of thiosulfate. 

2. 

3. 

High phosphorus concentrations have the potential of suppres-

sing thiosulfate oxidation due to a buffering effect. 
-2 The desirable s2o3 : N : P ratios for successful biological 

treatment of a thiosulfate waste should range between 

1000:5:10 and 1000:5:50. 

4. The isolated Thiobacillus culture was not suitable for thio-

sulfate oxidation in a fluidized bed due to its inability to 

tolerate extremely acid conditions. 

5. The fluidized bed process has sound potential for the treat-

ment of thiosulfate wastes and deserves further research. 

6. Acid decomposition of thiosulfate occurs primarily below a pH 

of 3.0 and results in the precipitation of elemental sulfur. 

7. Acid decomposition of thiosulfate provides a second mechanism 

for thiosulfate removal in a biological system treating thio-

sulfate. 

8. Trace nutrients such as zinc, iron, molybdenum, copper, and 

cobalt can increase the metabolic activity of Thiobacilli 

oxidizing thiosulfate. 

140 
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9. Thiosulfate precipitation with barium carbonate is not a 

practical method of thiosulfate treatment. 



REFERENCES 

1. Roy, A. B., and Trudinger, P.A., The Biochemistry of Inorganic 
Compounds of Sulphur. Cambridge University Press, London (1970). 

2. Markham, E. c., and Smith, S. E., General Chemistry. The River-
side Press, Cambridge, Massachusetts (1955). 

3. Karchmer, J. H., editor, The Analytical Chemistry of Sulfur and 
Its Compounds. Part I. Wiley-Interscience, New York, New York 
(1970). 

4. Senning, A., editor, Sulfur in Organic and Inorganic Chemistry. 
Volume 2. Marcel Dekker, Inc., New York, New York (1972). 

5. Nickless, G., editor, Inorganic Sulphur Chemistry. Elsevier 
Publishing Company, Amsterdam (1968). 

6. Standard Methods for the Examination of Water and Wastewater, 
APHA, AWWA, WPCF, 13th Edition (1971). 

7. Sawyer, C. N., and McCarty, P. L., Chemistry for Sanitary Engi-
neers. McGraw-Hill Book Company, New York, New York (1967). 

8. The Sulphur Institute. "Adding Plant Nutrient Sulphur to Ferti-
lizer." Technical Bulletin No. 10, 1964. 

9. The Sulphur Institute. "Adding Plant Nutrient Sulphur to Fluid 
Fertilizers." Technical Bulletin No. 11, 1965. 

10. Burns, G. R., "Oxidation of Sulphur in Soils." The Sulphur 
Institute, Technical Bulletin No. 13, 1967. 

11. Bassett, H., and Durrant, R. G., "The Interrelationships ~f the 
Sulfur Acids." Journal of the Chemical Society, Part II, 1401 
(1927). 

12. Davis, R. E., "Displacement Reactions of the Sulfur Atom. I. 
An Interpretation of the Decomposition of Acidified Thiosulfate." 
Journal of the American Chemical Society, 80, 3565 (1958). 

13. Dinegar, R.H., Smellie, R.H., and La Mer, V. K., "Kinetics of 
the Acid Decomposition of Sodium Thiosulfate in Dilute Solutions." 
Journal of the American Chemical Society, 11., 2050 (1951). 

142 



143 

14. La Mer, V. K., and Kenyon, A. S., "Kinetics of the Formation of 
Monodispersed Sulfur Sols from Thiosulfate and Acid." Journal of 
Colloidal Science,!, 257 (1947). 

15. Latimer, G. W., and Stetcko, E. I., "Decomposition of Thiosulphate 
in Acidified Oxidants." Talanta, 14, 984 (1967). 

16. Pollard, F. H., Nickless, G., and Glover, R. B., "Chromatographic 
Studies on Sulphur Compounds. Part IV. The Decomposition of 
Acidified Thiosulfate and Polythionate Solutions." Journal of 
Chromatography, 15, 518 (1964). 

17. Zaiser, E. M., and La Mer, V. K., "The Kinetics of the Fonnation 
and Growth of Nonodispersed Sulfur llydrosols." Journal of Colloidal 
Science, l, 571 (1948). 

18. Jones, J. R. E., "A Study in the Relative Toxicity of Anions with 
Polycelis Nigra (Planarian) as Test Animal." Journal of Experi-
mental Biology, 18, 170 (1941). 

19. Anderson, B. G., "The Toxicity Thresholds of Various Sodium Salts 
Determined by the Use of Daphnia magna." Sewage Works Journal, 18, 
82 (1946). 

20. Van Horn, W. M., et al., "The Effect of Kraft Pulp Mill Wastes on 
Some Aquatic Organisms." Trans American Fisheries Society, J..2.., 55 

. (1949). 

21. Gehm, H. W., "The Toxic Effects of Sulfate Pulp Waste Liquors on 
Fish and Other Aquatic Life." National Council for Stream Improve-
ment, Technical Bulletin (June 20, 1945). 

22. Wallen, I.E., et al., "Toxicity to Gambusia affinis of Certain Pure 
Chemicals in Turbid Waters." Sewage and Industrial Wastes, ±.2_, 
695 (1957). 

23. West, L. E., "Disposal of Waste Effluents from Motion-Picture Film 
Processing." Journal of The Society of Motion Picture and Tele-
vision Engineers, 1.2.., No. 9, 765 (1970). 

24. Dagon, T. J., Biological Treatment of Photo Processing Effluents." 
Journal, Water Pollution Control Federation, 45, 2123 (1973). 

25. Kreye, W. C., "Thiosulfate Oxidation in Wastewater Treatment Sys-
tems." Unpublished Ph.D. Dissertation, Department of Civil 
Engineering, Virginia Polytechnic Institute and State University, 
Blacksburg, Virginia (1973). 



144 

26. Kreye, W. C., King, P. H., and Randall, C. W., "Biological Treat-
ment of High Thiosulfate Industrial Wastewater," Proceedings of 
the 28th Purdue Industrial Waste Conference, May 1973. 

27. Duncan, D. W., "Development of a Biological System for the Treat-
ment of Hill Waste Waters Containing Thiosulfate." B.C. Research. 
Inland Waters Directorate, Water Quality Branch, Ottawa, Canada, 
1973. 

28. William, c. G., Crudge, K., and Jenkins, S. H. , "Biological Fil-
tration of Gas Liquor and Some of its Constituents." Institute 
of Sewage Purification, Journal of Proceedings, 377 (1954). 

29. Aulenbach, D. B., and Heukelekian, H., "Transformation and Effects 
of Reduced Sulfur Compounds in Activated Sludge Treatment." 
Sewage and Industrial Wastes, 'l:1., 434 (1955). 

30. Hakousky, L., and Prokopoua, E., "Removing Sulfur Compounds from 
Wastewater." Czech., III, 867 (1964). 

31. Garrison, W. E. , Kremer, J. G. , and Mark, J. , "Improved Hypo-
chlorination Techniques and Problems in Disinfection of Municipal 
Wastewaters Containing Refinery Thiosulfate." Proceedings of the 
28th Purdue Industrial Waste Conference, May 1973. 

32. Holoubek, and Aman, "Purification of Polysulfide and Thiosulfate 
Containing Wastewater." Journal of Applied Chemistry, 19, 390 
(1969). 

33. Lunenok-Burmakina, V. A., and Gerasenkoua, A. N., "Mechanisms of 
Oxidation of Inorganic Compounds of Sulfur with H202." Zhur Neorg. 
Khin, .2., 270 (1964). 

34. Sorum, C. H., and Edwards, J. 0,, "The Oxidation of Thiosulfate 
Ion by Peroxydisulfate Ion." Journal of the American Chemical 
Society, J..i, 1204 (1952). 

35. Williaras, T. H., and Hall, N. R., "Treatment of Liquors Containing 
Thiocyanates, Thiosulfates and Phenols." British Patent, 763 610, 
February 9, 1955. 

36. Yatsimirski, K., B., and Naryshkina, E. F., "Kinetics of the Oxida-
tion of Thiosulfate by Hydrogen Peroxide in the Presence of Tungstic 
Acid." Zhur Neorg. Khin., l, 346 (1958). 

37. Kreye, W. C., King, P. H., and Randall, C. W., "Kinetic Parameters 
and Operation Problems in the Biological Oxidation of High Thio-
sulfate Industrial Wastewaters." Proceedings of the 29th Purdue 
Industrial Waste Conference, May 1974. 



145 

38. Eccles, E.W., "Method for Oxidizing the Thiosulfate Ions in a 
Thiosulfate Waste." United States Patent 3,627,676 (1971). 

39. Vishniac, W., and Santer, M., "The Thiobacilli." Bacteriological 
Reviews,!!_, 195 (1957). 

40. Sokolova, G. A., and Karavaiko, G. I., Physiology and Geochemical 
Activity of Thiobacilli. Israel Program for Scientific Transla-
tions, Jerusalem (1968). 

41. London, J., and Rittenberg, S. C., "Thiobacillus perometabolis 
nov. sp., a Nonautotrophic Thiobacillus." Arch. Mikrobiol., 59, 
218 (1967). 

42. Hyers, P. S., and Millar, W. N., "Nonautotrophic Thiobacillus 
in Acid Mine Water. 11 Applied Microbiolog1_, ].Q_, 884 (1975). 

43. Hutchinson, M., Johnstone, K. I., and White, D., "Taxonomy of the 
Acidophilic Thiobacilli." Journal of General Microbiology, 44, 373 
(1966). 

44. Hutchinson, M., Johnstone, K. I., and White, D., "Taxonomy of the 
genus Thiobacillus: The Outcome of Numerical Taxonomy Applied to 
the Group as a Whole." Journal of General Microbiology, R, 397 
(1969). 

45. Rao, G. s., and Berger, L. R., "The Requirements of Low pH for 
Growth of Thiobacillus Thiooxidans." Arch. Mikrobiol. , 79, 338 
(1971). ~ 

46. · Waksnan, S. A., and Starkey, R. L., "On the Growth and Respiration 
of Sulfur-Oxidizing Bacteria." Journal of General Physiology, 1, 
285 (1923). 

47. Waksman, S. A., and Joffe, I. s., "Microorganisms Concerned with 
the Oxidation of Sulfur in Soil. II. T. Thiooxidans, a New Sulfur 
Oxidizing Organism Isolated from Soil."- Journal of Bacteriology, 
l, 239 (1922). 

48. Sauter, M. , Margulies, M. , Klinman, N. , and Kaback, R. , "Role of 
Inorganic Phosphate in Thiosulfate Metabolism of Thiobacillus 
Thioparus." Journal of Bacteriology, J.1., 313 (1960). 

49. Starkey, R. L., "Cultivation of Organisms Concerned in the Oxida-
tion of Thiosulfate." Journal of Bacteriology, 28, 365 (1934). 

50. Vishniac, W. "The Metabolism of Thiobacillus Thioparus. I. The 
Oxidation of Thiosulfate." Journal of Bacteriology, 64, 363 (1952). 



146 

51. Parker, C. D., and Prisk, J., "The Oxidation of Inorganic Compounds 
of Sulphur by Various Sulphur Bacteria." Journal of General Hicro-
biology, ~' 344 (1953). 

52. Trudinger, P.A., "Oxidation of Thiosulphate by Intact Cells of 
Thiobacillus X: Effects of Some Experimental Conditions." Australian 
Journal of Biological Science, 17, 738 (1964). 

53. Bounds, H. C., and Colmer, A. R., "Comparison of the Kinetics of 
Thiosulfate Oxidation by Three Iron-Sulfur Oxidizers." Canadian 
Journal of Microbiology, 18, 735 (1972). 

54. Starkey, R. L., "Concerning the Physiology of T. Thiooxidans, an 
Autotrophic Bacterium Oxidizing Sulfur Under Acid Conditions." 
Journal of Bacteriolog,Y_, 10, 135 (1925). 

55. Starkey, R. L., "Concerning the Carbon and Nitrogen Nutrition of 
Thiobacillus Thiooxidans, an Auto~rophic Bacterium Oxidizing Sulfur 
Under Acid Conditions." Journal of Bacteriology, 10, 165 (1925). 

56. Waksman, S. A., and Starkey, R. L., "Carbon Assimilation and Respira-
tion of Autotrophic Bacteria." Journal of General Physiology,~ 
(1922). 

57. Vogler, K. G., LePage, G. A., and Umbreit, W.W., "The Respiration 
of Thiobacillus thiooxidans on Sulfur." Journal of General Physi-
ology,~' 89 (1942). 

58. Stephenson, M., Bacterial Metabolism. Longmans, Green and Company, 
London (1949). 

59. Starkey, R. L., Jones, G. E., and Frederick, L. R., "Effects of 
Medium Agitation and Wetting Agents on Oxidation of Sulfur by 
Thiobacillus Thiooxidans." Journal of General Physiologi., 15, 
329 (1956). 

60. Jones, G. E., and Starkey, R. L., "Surface-Active Substances Pro-
duced by Thiobacillus Thiooxidans." Journal of Bacteriology, g, 
788 (1961). 

61. Schaeffer, W. I., and Umbreit, W.W., "Phosphotidylinositol as a 
Wetting Agent in Sulfur Oxidation by Thiobacillus thiooxidans." 
Journal of BacterioloU,Y,, ~, 492 (1963). 

62. Schaeffer, W. I., Holbert, D. E., and Urobreit, W. W., "Attachment 
of Thiobacillus thiooxidans to Sulfur Crystals." Journal of Bac-
teriology, 85, 137 (1963). 



147 

63. McGoran, C. J. M. 1 Duncan, D. W. 1 and Walden, C. C., "Growth of 
Thiobacillus ferrooxidans on Various Substrates." Canadian Joumal 
of Microbiology, 15, 135 (1969). 

64. Tuovinen, O. H., Niemela, S. I., and Gyllenberg, II. G., "Effect of 
Mineral Nutrients and Organic Substances on the Development of 
Thiobacillus ferrooxidans." Biotechnology and Bioengineering, 13, 
517 (1971). 

65. Trudingcr, P. A. , "The Metabolism of Inorganic Sulfur Compounds by 
Thiobacilli." Reviews of Pure and Applied Chemistry, 17, 1 (196 7) • 

66. Kelly, D. P., "Biochemistry of Oxidation of Inorganic Sulfur Com-
pounds by Microorganisms." Australian Joumal of Science, 1!, 
165 (1968). 

6 7. Vishniac, W. 1 and Trudinger, P. A. , "The Symposium on Autotrophy. 
V. Carbon Dioxide Fixation and Substrate Oxidation in the Chemo-
synthetic Sulfur and Hydrogen Bacteria." Bacteriological Reviews, 
~. 168 (1962). 

68. Woolley, D. 1 Jones, G. L., and Rappold, F. C., "Some Metabolic 
Differences Between !• thioparus, !• thiocyanmddans, and T. 
denitrificans. 11 Journal of General Microbiology, 12_, 311 (1962). 

69. Jones, G. L., and Rappold, F. C., "The Occurence of Polythionates 
as Intermediates in the Metabolism of Thiosulf ate by the Thiobacilli. 11 

Journal of General Nicrobiology, ~' 361 (1961). 

70. Williamson, K. G., and McCarty, P. L., "A Model of Substrate Utili-
zation by Bacterial Films." Journal of Water Pollution Control 
Federation, 48, 9 (1976). 

71. Williamson, K. G., and McCarty, P. L., "Verification Studies of 
the Biofilm Model for Bacterial Substrate Utilization." Journal of 
Water Pollution Control Federation,~' 281 (1976). 

72. Metcalf and Eddy, Inc., Wastewater Engineering. McGraw-Hill Book 
Company, New York, New York (1972). 

73. Young, J.C., and McCarty, P. L., "The .Anaerobic Filter for Waste." 
Journal of Water Pollution Control Federation, 41, Rl60 (1969). 

74. Seidel, D. F., and Crites, R. w •. , "Evaluation of Anaerobic De-
nitrification Processes." Joumal of Sanitary Engineering Division, 
Proceedings of the American Society of Civil Engineers, 96, S-42, 
267 (1970). 



148 

75. Haug, R. T., and McCarty, P. L., "Nitrification with the Submerged 
Filter." Technical Report No. 149, Department of Civil Engineering, 
Stanford University, California (1971). 

76. Randall, C. w., Edwards, H. R., and King, P.H., "Microbial Process 
for Acidic Low-Nitrogen Wastes." Journal of Water Pollution Con-
trol Federation, 44, 401 (1972). 

77. Jeris, J. s., and Owens, R. W., "Pilot Scale High Rate Biological 
Denitrification at Nassau County, N.Y." Paper Presented at the 
New York Water Pollution Control Association Winter Meeting (January 
21-23, 1974). 

78. Harremoes, P., "The Significance of Pore Diffusion to Filter De-
nitrification." Journal of Water Pollution Control Federation, 
48, 377 (1976). 

79. Owen, D. T. M., and Williamson, K. G., "Oxygen Limitation in Hetero-
trophic Biofilms." Proceeding of the 31st Purdue Industrial Waste 
Conference, ¥.ay, 1976. 

80. Kunii, D., and Levenspiel, O., Fluidization Engineering. John Wiley 
and Sons, Inc., New York, New York (1969). 

81. McCabe, W. L., and Smith, J. C., Unit Operations of Chemical Engi-
neering. McGraw-Hill Book Company, Inc., New York, New York (1956). 

82. Fair, G. W., Geyer, J. c., and Okun, D. A., Water and Wastewater 
Engineering, Volume 2. John Wiley & Sons, Inc., New York, New 
York (1968). 

83. Rao, V. P.R., and Sarma, B.·u. s., "Standardization of Thiosulfate 
using Potassium Dichromate by Direct Titration." Analytical 
Chemistry, 37, 1373 (1965). 

84. Cotton, M. L., "The Determination of Thiosulphate, Polythionates 
and Sulphite." Noranda Research Centre, Noranda, Quebec, Canada 
(July 24, 1974). 

85. Jank, B., "Methods for the Determination of Some Sulphur Anions in 
Wastewaters." Wastewater Technology Centre, Canada Centre for 
Inland Waters, Burlington, Ontario, Canada (December 13, 1973). 

86. Umbriet, W. W.1 Burris, R.H., and Stauffer, J. F., Monometric and 
Biochemical Techniques. Burgess Publishing Company, Minneapolis, 
Minnesota (1972). 

' 



149 

87. McKinney, R. E., Microbiology for Sanitary Engineers. :t-IcGraw-Hill 
Book Company, Inc., New York, New York (1962). 

88. Norris, R. L., "Barium Carbonate Treatment of Sulfuric Acid Waste-
water." Unpublished Master's Thesis, Department of Civil Engineering, 
Virginia Polytechnic Institute and State University, Blacksburg, 
Virginia (1972). 



The vita has been removed from 
the scanned document 



THIOSULFATE OXIDATION IN A FLUIDIZED BED 

by 

Ricardo B. Jacquez 

(ABSTRACT) 

This study was conducted with the purpose of evaluating the pos-

sibilities of biologically oxidizing thiosulfate in a fluidized bed. 

A laboratory scale, autotrophic fluidized bed was continuously operated 

using a synthetic thiosulfate waste. The reactor was maintained at a 

hydraulic loading rate of 16.1 gpm/ft 2 and an influent thiosulfate con-

centration of 100 mg/1. The void space detention time at this loading 

rate was approximately 0.6 minutes. Through a series of influent pH 

adjustments, the fluidized bed demonstrated the ability to remove up 

to 75 percent of the applied thiosulfate, but the intermediate thio-

sulfate metabolic product, polythionate, proved difficult to oxidize. 

Due to the high oxygen demand of thiosulfate and the high concentration 

of volatile solids in the reactor, aeration with high purity oxygen 

was required to maintain an aerobic environment. Continuous operation 

of the fluidized bed also verified the preference of Thiobacillus bac-

teria to attach to a solid surface. 

Ammonia nitrogen and phosphorus requirements of the fluidized bed 

Thiobacillus culture were evaluated in a series of batch and oxygen 

uptake experiments. Unlike nitrogen, phosphorus was demonstrated to 



be an influential nutrient in the oxidation of thiosulfate. Trace 

nutrients which included zinc, iron, molybdenum, copper, and cobalt 

were also shown to influence the metabolic activity of the Thiobacilli. 

Acid decomposition of thiosulfate was briefly evaluated. Acidifi-

cation below a pH of 3.0 resulted in rapid thiosulfate destruction and 

suggested a second mechanism for the removal of thiosulfate in bio-

logical waste treatment systems. 
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