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TABLE N O . 5

TIME, DAYS
SAMPLE 1.1 2.4 3.3 4.2 6.6 8.3 11.2 13 15.8 21.3
Control, 
w/nitrifyers 87 125 133 150 160 166 174 240 262 260
Control, 
wo/nitrifiers 81 126 136 143 157 168 154 158 164
24 hours, pres., 
w/nitrifiers 75 100 113 122 121 139 167 211 232 230
24 hours pres., 
wo/nitrifiers 72 104 107 126 123 125 125 126 123 -
24 hours aerated, 
w/nitrifiers 64 94 1 2 1 1130 138 141 152 184 244 240
24 hours aerated 
wo/nitrifiers 59 97 118 127 121 137 135 136 139 -

1.4 2.3 3.3 5.8 7.3 10.2 12 14.5 19.5 22

BOD values for samples allowed to nitrify with and without 
nitrifying organisms supplied.
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rate but lower BOD because induced hydrolysis caused 
more conversion to smaller molecular weight fractions 
which oxidized easier and faster, and the aliquots drawn 
off would oxidize faster during the BOD incubation because 
they contained a higher amount of these fractions.

2. The pressurized samples nitrifyed faster; i.e., 
the pressurized sample began to nitrify at day seven 
whereas the control began after day 10. This is in 
agreement with previous trials.

3. For the aliquots drawn off in the non-nitrified 
dilution water first stage effects were the only effects 
noticed.

4. The 1st stage BOD for the control was approximately 
180 mg/1 which agrees with the BOD of the prepared sample.

5. The NOD was approximately 120 mg/1 and this was 
the same for both the aerated, pressurized, and the 
control, meaning there was no loss in the nitrification 
potential of the sample and the control as a result
of pressurization.
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The third investigation involved adding a nitrification 
supressor, allyl thiourea (ATU), to an actual sewage 
sample, pressurizing and aerating for a certain detention 
time and then comparing to a control. The purpose was 
to obtain BOD profiles for nitrification suppressed 
samples and then comparing these to the profiles where 
nitrification was not suppressed. The curve for the 
situations, Figure 17, was the same indicating that 
in actual wastewater samples nitrification did not take 
place in days 0 to 1 0 .

The important findings made during this trial was 
that pressure induced nitrification started earlier 
and that NOD values were the same indicating no nitri­
fication taking place during the 1 st stage.



2JL

r®>

-«0

□ a

- V 9

O8
009



VIII THE EFFECT OF PRESSURE ON THE 
HYDROLYSIS RATES OF CHEMICAL FAMILIES

The experimental tests just completed have eliminated 
the following as possible causes for the reduction in 
the apparent BOD, and changes in the kinetic rate constants

1) Detention time in the pressure vessel.

2) The concentration of microorganisms as effected 
by pressure.

3) Chemical oxidation.

Experimental results with para-nitro-phenyl acetate 
indicate that the rate of hydrolysis could be increased 
by the application of pressure. With that as the basis, 
the experimentation will now focus on two areas; the 
breakdown of sewage components to easier oxidized forms, 
and the conversion of ammonia to nitrite and nitrate.

Now that pressure has been shown to definitely 
influence the rate of hydrolysis, the hydrolysis potential 
of the main components found in sewage will be performed.
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POLYSACCHARIDES

Polysaccharides are complex organic compounds of 
which starch was chosen as the typical example for these 
studies. Starch has the general formula, C ^ H ^ O ^ ,' and 
when hydrolyzed, the monosaccharide formed is glucose 
(41) .

(i) (c6h 10o 5 )x + x h 2 o  — * X  c 6h 12o 5

The glucose can then be analyzed spectrophotometrically 
using the ortho-toluidine method (42). The reaction 
of glucose with o-toluidine, heated in acid, produces 
a blue-green color proportional to the glucose concentra­
tion which can be measured in the 620-650 nm range. 
Calibration curves can be prepared from standard glucose 
solutions and these appear in Appendix D.

This particular experiment posed several problems 
before results were finally obtained. The first time 
it was performed, there was no BOD exertion after several 
days, whereas the CODs were identical and closely approximated 
the theoretical. Because the CODs were the same as
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the theoretical COD for the known starch concentration, 
it indicated there was no hydrolysis or oxidation taking 
place. It was then realized that enzymes were needed 
to break down the starch into the disaccharide and mono­
saccharide forms.

Amylase enzyme was suggested, and this was obtained 
from Chemalog Chemical. Solutions were prepared and 
aliquots analyzed but no results were obtained. It 
was then realized that amylase enzyme hydrolyzed starch 
only to the disaccharide, maltose, ^12^22^1 1 ' *'*ie
o-toluidine test was only specific for the monosaccharide,

C 6H 12° 6 ' f o r m -

Amylglucosidase enzyme was then selected and obtained 
and this enzyme is able to hydrolyze starch only to 
glucose. Two starch solutions of pH 7.0 and 4.5 were 
prepared and the amylglucosidase was added and the experiment 
proceeded. The results indicated that the hydrolysis 
was successful and proceeded faster at pH of 7, which 
is the approximate pH range of sewage. Now that the 
proper conditions and rates of hydrolysis were determined, 
the pressurization began.



88

A 50 0 mg/1 starch solution plus 2.4 ml of amyl­
glucosidase was prepared and divided into two parts.
One was pressurized at 40 psig and the other aerated 
at atmospheric pressure. Glucose readings were obtained 
from the calibration curve and these results are shown 
in Figure 18. Apparently, an initial lag time exists 
in which the enzymes become acclimated to the material 
but once this is overcome, the reaction proceeds, with 
the pressurized sample showing less lag time and a faster 
rate of hydrolysis.

The next phase involved in this investigation was 
to determine if, in fact, the glucose produced by hydrolysis 
was in turn hydrolyzed or oxidized faster as a result 
of pressurization. To do this, glucose samples were 
prepared, pressurized, and aerated, and aliquots were 
drawn off and analyzed. The results obtained indicated 
no hydrolysis taking place for either sample.

To summarize the results of the hydrolysis reactions, 
polysaccharides are hydrolyzed at a faster rate due 
to pressure, but the hydrolysis stops at the monosaccharide 
stage. The reactions are shown in equation (j):
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U> (C6H10°5>x + x H2° i^ 5i6 10 5 x x ~06 12 6

FATS

The next family of compounds to be investigated 
were the fat and fatty acid series and their hydrolysis 
potential. Fats are esters of trihydroxy alcohols and 
they are capable of hydrolysis to fatty acids. The 
fat to be investigated was tristearin, C 57Hiio0 6 ' 
is the ester of glycerol and stearic acid. Formula 
(k) shows the hydrolysis reaction for tristearin:

O
II(k) C1 7H 35-C-0 -CH2

C-, c-C-O-CH + 3 H„0 - 3 C17H35COOH + C 3H803
II
o
o
II

c 17H35-c-°-CH2

This reaction is catalyzed by base solution and this
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process is referred to as saponification (41). Tristearin 
is very insoluble in most solvents with tetrahydrofuran 
being one of the few exceptions. A tristearin/tetrahydro- 
furan solution was added to a sodium hydroxide solution 
such that the tristearin was 0.0013M in 0.0077M sodium 
hydroxide. As the tristearin hydrolyzed to stearic 
acid, this would neutralize some of the excess base 
solution. To monitor this reaction, samples were drawn 
off and titrated with standard .00 5M hydrochloric acid 
solution. All titrations were performed potentiometrically, 
using the Corning Model 7 pH meter. Curves were drawn 
and inflection points determined. After six days the 
base concentration was reduced to 0.0061M due to hydrolysis. 
The neutralization reaction is shown in equation (1).

(1) C 17H35COOH + NaOH C 17H35COONa + H20

The difference in sodium hydroxide molarity, 0.00 77 - 
0.0061 = 0.0016, represents the stearic acid formed.
Dividing by 3 to convert to an equivalent amount of 
tristearin and determining the percentage conversion 
gives approximately 60 percent hydrolysis conversion 
of tristearin to stearic acid under normal quiescent
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conditions.

For the pressure/hydrolysis reaction, it was decided 
to dispense with the tetrahydrofuran solvent and only 
add the tristearin to a standardized sodium hydroxide 
solution. Two samples were prepared: one for pressur-
ization at 40 psig and the other sample aerated at atmos­
pheric pressure. The base solution was prepared to 
be 0.00 2 5M and this standardized with 0.00 5M hydrochloric 
acid. After the tristearin was added, the solution 
was standardized and the starting base concentration 
was 0.00247M (Figure 18) which closely agreed with the 
prepared molarity.

Again, pressurized and non-pressurized samples were 
compared after 10 0 hours. The results are shown in 
Table No. 6 , and in Figures 19, 19A, 19B, 19C, 19D.

TABLE NO. 6
THE RATES OF HYDROLYSIS OF TRISTEARIN TO STEARIC ACID 

FOR PRESSURIZED AND NON-PRESSURIZED SAMPLES

MOLARITIES AFTER TIMES OF PRESSURIZATION 
SAMPLE 0 HOUR 50 HOUR 100 HOUR

Pressurized 0.00247M 0.0014M 0.0001M
Aerated 0.00247M 0.002M 0.00048M
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Again, the effect of pressure is that the rate of hydrol­
ysis is increased. The results are shown in the following 
figures:

Figure No. 18: Tristearin is dissolved 0.0025M sodium
hydroxide solution and a 50 ml aliquot is titrated with 
0.00 5M hydrochloric acid potentiometrically at pH equal 
to 7 the required volume of HCl was 24.7 and, which 
converts to 0.00247M as the starting base/tristearin 
solution. So little time has elapsed that there has 
been very little hydrolysis.

Figure 19A: After 50 hours the equivalence point (pH=7)
occurs at 20 ml indicating that the sodium hydroxide/ 
tristearin molarity is 0.002M.

(50ml NaoH/TS) (M) = (0.005M HCl) (20ml)
M NaOH = 0.002M

In 50 hours 20% of the tristearin has reacted due to 
hydrolysis.

.0025 ~ .002 (100) = 20%
.0025
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Figure 19B: After 50 hours of pressurization the equiva­
lence point occurs at 14 ml HCl indicating that after 
50 hours the pressurized sample has undergone additional 
hydrolysis resulting in the NaOH/Tristearin molarity 
being 0.0014M.

(50 ml NaOH/TS) (M NaOH) = (0.005M HCl) (14 ml)
M = 0 .0014M

In 50 hours of pressurization the percentage conversion 
of tristearin to stearic acid is:

(0.0025M - . 0014M) (100)= 44%
(.0025M)

or twice the hydrolysis with no pressure.

Figure 19C: After 100 hours of pressurization the equiva­
lence point occurs at 4.8 ml HCl. The resulting NaOH/ 
Tristearin molarity is 0.0001M determined in the same 
manner as in curve 14A & 14B. This represents a conver­
sion of tristearin of:

(.0025M ~ .OOOlM) (100) = 96%
.00 25M
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Figure 19D: After 100 hours at atmospheric pressure
the molarity of NaOH/Tristearin is 0.00048M representing 
a conversion of:

(.0025M - .0048) (100) = 81%
(.0025)

When this series was completed, stearic acid was 
next to be investigated. Stearic acid is a white insoluble 
solid with a molecular weight of 284. The compound 
is a saturated linear seventeen carbon chain carboxylic 
acid whose formula is C ^ H ^ C O O H . The length of the 
chain would suggest that the compound is resistant to 
chemical oxidation. This was borne out by literature 
data and the fact that COD results were inconclusive 
and inconsistent. BOD analyses were performed for the 
pressurized and non-pressurized samples and the kinetic 
rate constants determined with the results shown in 
Table No. 7.
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TABLE N O ■ 7
BOD AND SPECIFIC RATE CONSTANTS FOR PRESSURIZED 

AND NON-PRESSURIZED STEARIC ACID SOLUTIONS

PRESSURIZED AERATED

SAMPLE BOD A BOD % RED. k BOD A BOD % RED. k
0 hr. 187 --- — .17 190 --- ---- .18

12 hr. 165 22 11 .16 165 25 8.3 .16
24 hr. 132 55 29 .16 120 60 33.0 .17
36 h r . 82 105 59 .16 75 105 58 .0 .16

The BODl results show that the samples responded exactly 
the same, indicating no pressure effect. Also, the 
kinetic rate constants were almost identical suggesting 
no changes in the oxidation conditions for both the 
pressurized and non-pressurized samples.

To summarize these results, pressure did have an 
effect on the initial step, viz., the hydrolysis of 
tristearin to stearic acid, with little or no effect 
on the breakdown of stearic acid.
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The scheme can be shown in the following reaction:

pressure
(m) tristearin + H20-------^--> stearic acid,

P a

where k N  k 
P ' a

(n) stearic acid + 0 2 ----- > C° 2 + ' H2°k k P f a

where k = k P a

AMINO ACIDS AND PROTEINS
The last series of compounds to be analyzed is 

the protein/amino acid series. Proteins are complex 
combinations of the twenty or so amino acids and are 
a vital constituent for life processes of plants and 
animals.

Amino acids are carboxylic acid molecules with 
the amino group, NH2, attached to the first carbon atom 
in the chain, known as the alpha carbon; and hence are 
referred to as alpha-amino acids. The compound formed 
by the union of two amino acids is known as a dipeptide
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and is formed by a loss of water between an amino and 
carboxylie group, as shown:

The hydrolysis of proteins involves degradation to several 
intermediates before the final o< - amino acids are 
produced. The sequence is as follows:

One of the end products is ammonia and this will be 
monitored also, because of the tendency of the pressurized 
samples to exhibit an earlier nitrification appearance 
during the BOD analysis.

The method of protein analysis most commonly used 
is the Kjeldahl method which involves digestion of organic 
samples followed by distillation and measurement of

H R H H R
(o) R-C-COOH + H-N-C-COOH * R-C-N-C-COOH + H~0

NH 2 H A

(p) protein — proteoses » peptones  * polypeptides

amino acids -* dipeptides

NH^ fatty acids
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the ammonia released. The protein content may then 
be calculated on the assumption that proteins contain 
16.5 percent nitrogen. This method required considerable 
time and may become quite laborious when many samples 
are to be determined. A more simplified test can be 
used, taking advantage of the peptide bond characteristic 
of all proteins.

When biuret, NI^-CO-NH-CONB^, or any compound containing 
two or more peptide bonds are treated with alkaline 
copper sulfate, a characteristic purple color is formed, 
hence the name biuret test. The color intensity follows 
Beer-Lambert's Law and thus this method can be used 
to measure protein concentration. The color formation 
is probably due to the formation of a chelate involving 
one atom of copper and four atoms of nitrogen from the 
peptide groups as shown in the following Figure No.
20 ( 42) .

The test procedure involves preparing the biuret 
reagent (copper sulfate in sodium hydroxide solution), 
standard solutions of protein and preparing a calibration 
curve from which unknown sample concentrations can be 
estimated. The actual procedure is given in (43).
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FIGURE NO. 20 
DIPEPTIDE BONDS WITH COPPER

The calibration curve was prepared from solutions of 
Albumin Bovine, Fraction V, treated with the biuret 
reagent, and allowed to stand for 30 minutes. This 
curve is shown in Appendix D. The result of the experiment 
is shown in Figure No. 21. The pressurized sample does 
exhibit an accelerated rate of hydrolysis due to pressure.

With the protein analysis completed, the amino 
acid selected for use was glutamic acid, C^HgNO^, with 
a molecular weight of 14 7 and the following structure:

hooc-ch2-ch2-ch(nh2)-COOH



106

I
I
*♦-.0

<§

1

, 1
<
<i> I'-
.8- §

>1 vnJJ'
?
S-
O
+-~ u
?lu
<X> 
£

- C S

-s

. Q

C><oQSP

3
§

.5
k:

■f)/6UJ ‘U0/JDJJU3DU03 U!9{OJd



107

A solution containing 6.12 grains of glutamic acid 
and 2.12 grams of ammonium choride was prepared in 40 
liters of deionized water. BODs and CODs were taken 
at various intervals up to one day. The CODs were performed, 
using the Hach reactor with the accompanying vials containing 
all the necessary reagents. Samples were added to the 
vials, digested, and then titrated to obtain the COD 
values. Figures in Appendix L show the degree of BOD 
reduction encountered in the samples and Table No. 8 

summarizes the results of the BOD and COD determinations.

Ammonia determinations were performed using the 
Nessler Reagent method and measuring color intensities 
developed spectrophotometrically (.21) . Initially, a 
calibration curve was prepared from standard ammonia 
solutions and the Nessler reagent and this shown in 
Appendix D. The results of this trial is shown in Figure 
22 where the pressurized sample shows a greater concentration 
of ammonia as compared to the aerated sample.

Even though the concentration of the amino acid 
was not measured directly it can be assumed from inference 
that changes were taking place. The BOD and COD results 
show increased reduction for the pressurized samples
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TABLE N O . B
BOD AND COD RESULTS FOR GLUTAMIC ACID HYDROLYSIS

SAMPLE
PRESSURIZED AERATED QUIESCENT

BODtLi A  BOD % BOD BOD 
REDUC. 11

ABOD % BOD 
REDUC.

BOD. A  BODLi % BOD 
REDUC.

C 107 — ---- 118 -- ---- 113 -- ----

4 97 10 9.3 110 8 6.8 109 4 3.5
8 92 15 14.0 105 13 11.0 103 10 8.9

24 80 27 25.2 98 20 17.0 98 15 13.3

SAMPLE
PRESSURIZED AERATED QUIESCENT

COD A COD % COD 
REDUC.

COD A COD % COD 
REDUC.

COD A COD % COD 
REDUC.

C 110 — — 108 — — 99 — —
4 87 23 21 81 27 35 90 9 8

8 77 33 30 79 29 26 74 25 23
24 55 55 50 62 46 42 78 21 21

compared to the quiescent and aerated samples, and the 
concentration of ammonia was greater in the pressurized 
sample suggesting an increased rate of hydrolysis.

NITRIFICATION EFFECTS
Up to this point, the research was concentrated 

on finding reasons for the apparent change in BODTLl
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and the change in kinetic rate constants because of 
pressure. The experimental results would indicate that 
hydrolysis plays a major role in causing these phenomena.
The focus now will be on investigating why second-stage, 
or nitrogenous BOD occurs earlier, in pressurized wastewater 
samples. Of the series of chemical compounds studied, 
only protein/amino acid compounds contain organic nitrogen 
which would be the major potential source of nitrification 
in raw sewage.

The next set of trials will study pressure effects 
regarding nitrification, using proteins and then amino 
acids. Solutions will be prepared, pressurized with 
a control, and analyzed for ammonia to determine if 
pressure does, in fact, cause nitrification to occur 
earlier.

AMINO ACID HYDROLYSIS
A glutonic acid solution was prepared with the 

intent to measure the amount of ammonia present for 
the pressurized and non-pressurized samples. Ammonia 
determinations were performed using the Nessler Reagent 
method and measuring color intensities developed spectro- 
photometrically (2 3)• Initially, a calibration curve
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was prepared from standard ammonia solutions and the 
Nessler reagent and this is shown in Appendix D. The 
results of this trial is shown in Figure No. 44 where 
the pressurized sample shows a greater concentration 
of ammonia as compared to the aerated sample.

Even though the concentration of the amino acid 
was not measured directly, it can be assumed from inference 
that changes were taking place. The BOD and COD results 
show increased reduction for the pressurized samples 
compared to the quiescent and aerated samples, and the 
concentration of ammonia was greater in the pressurized 
sample suggesting an increased rate of hydrolysis.

PROTEIN NITRIFICATION
Nusser (23) first reported the exertion of the 

second stage BOD appearing earlier in pressurized samples 
as compared to controls. The same observation was made 
by Mazzei (25) and he proceeded to culture and enumerate 
nitrifying organisms. He determined that the nitrifyer 
population was higher in the pressurized samples and 
correlated the increase in nitrifyer organism population 
to the appearance of the second stage BOD. Mazzei 
determined ammonia concentrations before and after


