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This report discusses the second phase of a two- 
phase study of a new process for the catalytic oxi- 
dation to carbon dioxide and water of the dilute for- 
maldehyde used in the preservation of cellulose 
acetate membranes. From these studies, conclu- 
sions and recommendations are made for the design 
and operation of a formaldehyde oxidation reactor 
for the YDP (Yuma Desalting Plant). 

An RO (reverse osmosis) desalting plant is being con- 
structed in Yuma, Arizona, by the Bureau of Recla- 
mation, for treating water from irrigation return flows 
in the Wellton-Mohawk area. Equipment suppliers for 
this plant have recommended that RO membranes, 
when not in use for extended periods, be preserved 
to prevent microbial attack. One commonly used 
method under consideration is storage in a 5000- 
mg/L CH,O (formaldehyde) solution. Because for- 
maldehyde is a bacteriostat, its use may require a 
pesticide registration label under FIFRA (Federal In- 
secticide, Fungicide, and Rodenticide Act) or may be 
governed by some other Federal or State regulations. 
In anticipation of these requirements, the Bureau de- 
veloped and conducted preliminary testing on a neu- 
tralization process for disposing of waste 
formaldehyde solutions [l]‘. The process uses Hz02 
(hydrogen peroxide) and dissolved ferric chloride ca- 
talyst at a pH of approximately 3.0 to quantitatively 
oxidize formaldehyde to CO* (carbon dioxide) and 
water in the following series reactions where CH202 
(formic acid) is a temporary intermediate: 

CH20 + H202 + CH202 + Hz0 
CH202 + H202 + CO,(g) + 2H20 

Two additional important reactions that occur during 
the oxidation of formaldehyde are the decomposition 
of hydrogen peroxide to oxygen and water and the 
oxidation of CHBOH (methanol), which is used as a 
stabilizer in stock solutions of formaldehyde as 
follows: 

2Hz02 + 0, + 2H20 
CHBOH + H202 + CH20 + 2H20 

The principal objectives of the earlier studies were 
(1) to demonstrate that formaldehyde can be oxi- 
dized to safe levels; (2) to support a request for a 
permit under FIFRA; and (3) to provide preliminary 
design data for a full-scale system at the YDP. Testing 
was performed using a bench-scale reactor with a 
solution volume of 250 mL. Both adiabatic (no heat 
loss) and isothermal (constant temperature) experi- 
ments were conducted. Results of the adiabatic tests 
were used to develop a series of operating curves 

* Numbers in brackets refer to entries in the Bibliography. 

to show the oxidation as a function of selected var- 
iables (reactant and catalyst concentrations, stirring 
rate, temperature); whereas, the isothermal test re- 
sults were used to generate data for fitting a tem- 
perature- and concentration-dependent rate 
expression. 

The reaction was shown to be effective in completely 
oxidizing formaldehyde solutions having initial con- 
centrations between 250 and 950 mg/L. Following 
oxidation, the residual formaldehyde levels measured 
less than 2 mg/L (detection limit of the ion chro- 
matograph used for the analysis) in the aqueous 
phase, and less than 0.4 mg/m3 in the carbon dioxide 
vapor phase, well below 1.5 mg/m3, the B-hour TLV- 
TWA (Threshold Limit Value - Time Weighted Av- 
erage) adopted by the ACGIH (American Conference 
of Governmental Industrial Hygienists) [2]. The oxi- 
dation was found to be rate controlled rather than 
mass diffusion controlled and, thus, is highly sensi- 
tive to reactant levels and temperature. 

Preliminary design recommendations were devel- 
oped based on thermodynamic calculations for the 
known oxidations and side reactions, scale-up con- 
siderations, and the flushing and disposal require- 
ments of formaldehyde solutions at the YDP. An 
estimate was also provided of the cost of chemicals 
used for oxidizing flushings from a single control 
block (45 m3) at an assumed formaldehyde concen- 
tration of 1200 mg/L. 

Attempts made at developing a temperature- and 
concentration-dependent rate expression from ki- 
netic theory were not successful. This was mainly 
due to the complexity of the reaction mechanism and 
analytical problems. Both the “initial rate” and “iso- 
lation” methods of development were considered. 
The initial rate method was discounted early because 
of complications resulting from consecutive reac- 
tions and, to a lesser extent, sampling difficulties as- 
sociated with the technique at the beginning of the 
reaction. The isolation method could not be used be- 
cause of the lack of a procedure for measuring hy- 
drogen peroxide during the course of the reaction 
and difficulties associated with measuring other con- 
stituents in the presence of extremely high concen- 
trations of selected reactants. The isolation method 
was, however, used indirectly to check a proposed 
mechanism. 

The results of experiments and data analysis pre- 
sented in this report are a continuation of the pre- 
vious bench-scale testing described above. The 
ultimate goal of this second phase of testing was to 
develop design and operating data for the full-scale 
oxidation system. The overall test objectives were 
(1) to verify scale-up assumptions for the reactor, 
which were based on previous bench-scale work; (2) 



to determine key design and operating parameters 
for the process; (3) to develop a temperature- and 
concentration-dependent rate expression for the re- 
action, both by reevaluating phase I test data and by 
performing and analyzing a new series of isothermal 
experiments; and (4) to evaluate the use of bisulfite- 
regenerated IX (ion exchange) for concentrating re- 
sidual formaldehyde in water used for flushing RO 
control blocks. 

PHASE II PILOT-SCALE 
TESTING (ADIABATIC) 

Based on the consideration of seven dimensionless 
parameters for chemical similitude in homogeneous 
reactions, described by Walas [3], and on an analysis 
of previous bench-scale oxidation results as a func- 
tion of power input, it was determined that the re- 
action rate would not vary significantly with the scale 
of the reactor. One dimensionless parameter, involv- 
ing the heat of reaction, becomes important for ex- 
othermic reactions; however, this parameter can be 
ignored for small heats of reaction as experienced 
with the formaldehyde oxidation (4 to 5 “C at the 
midpoint conditions). To ensure that the above scale- 
up assumption was correct, it became necessary to 
test the oxidation, at the same intensive variable lev- 
els, in a larger reactor. 

The specific test objectives for the pilot-scale testing 
were (1) to verify bench-scale similitude assumptions 
for the scale-up of the reactor, including a reeval- 
uation of the effect of mixing power input; (2) to de- 
termine the effects of using Yuma service water 
instead of deionized water for preparing CHzO test 
solutions; (3) to determine operating parameters for 
the reaction to achieve an acceptable rate and degree 
of oxidation in an adiabatic environment, given chem- 
ical costs and energy input as constraints; and (4) to 
identify selected key design parameters for the pro- 
cess equipment. 

Experimental Apparatus and Test Procedures 

The pilot-scale oxidation test equipment is shown 
diagrammatically on figure 1, and pictorially on fig- 
ures 2 and 3. Two modified Ravens model M2C FRP 
(fiber-reinforced plastic), 170-L tanks, fabricated 
from Dow 411 vinyl ester resin, were used in these 
experiments. The first tank (fig. 4) equipped with a 
stainless steel tube heat exchanger and Lightnin 
model 11 two-speed mixer, was used to prepare for- 
maldehyde solutions and bring them to the appro- 
priate initial test temperatures. The second tank (fig. 
5), insulated on the tank wall and base with bonded 
2-inch polyurethane protected by a 40-50 mil (1 .O- 
1.3 mm) elastomeric overwrap, was used to contain 
the reaction. Mixing in this tank was provided by an 
Eastern model E-2V mixer equipped with a solid- 

state, electronically controlled variable-speed drive 
designed to provide constant torque (versus r/min) 
over the range of 85 to 1800 r/min. Both tanks had 
solid boltdown covers with 5-inch (127-mm) PVC 
(polyvinyl chloride) fillwells for access. The tanks 
could be completely sealed except for a small clear- 
ance around the mixer shafts and a 3-inch (76-mm) 
vent to an existing building exhaust system. The ma- 
terials of fabrication for the mixer shafts, fittings, and 
gaskets were fiberglass, PVC, and neoprene or 
EPDM (ethylene-propylene diene monomer), 
respectively. 

Temperatures were measured in both tanks using 
Omega type T (copper constantan) thermocouples 
with 316SS sheaths. Measurements of pH were 
made in the reaction tank using a Uniloc model 1002 
pH analyzer (fig. 6) with a Uniloc model 399-03-91 
combination pH electrode. The temperature and pH 
signals were processed through a Hewlett Packard 
model 342 1 A data acquisition/control system cou- 
pled to a Compaq Portable 286 computer, shown on 
figure 7. 

Two methods were used to add H202 to the reactor 
depending on the particular test being run: by batch 
addition, as was done during earlier bench-scale test- 
ing, or by metering H202 to the reactor during the 
course of the oxidation. The latter method was ac- 
complished using a Masterflex model R-7525-00 dig- 
ital flow drive (positive displacement roller tubing 
pump) (fig. 6), which provides both instantaneous 
flow rate and total flow data in digital form. The 35- 
percent technical grade H202 used in this test pro- 
gram was fed directly to the reactor without dilution. 

A dilute formaldehyde solution was prepared daily, 
at one of three concentrations, in the uninsulated 
“holding” tank by diluting 37-percent industrial 
grade CHPO with either deionized or synthesized 
Yuma service water. The solution was then allowed 
to hydrate for approximately 24 hours to form 
CH2(0H)2 (methylene glycol). Just before initiating the 
oxidation, the temperature of the solution was ad- 
justed by circulating either hot or cold water through 
a stainless steel coil in the holding tank to slightly 
over- or undershoot the desired starting temperature 
for the test. The solution was then transferred to the 
insulated reactor where the temperature was moni- 
tored until it was within 0.1 ‘C of the desired starting 
temperature. At this point, the catalyst (FeCI,.6H,O) 
and H202 were added to initiate the test sequence at 
t = 0. After the completion of each test, the holding 
tank was cleaned and the CHPO solution for the fol- 
lowing day was prepared. 

Experimental Design 

The dependent variables measured during the course 
of the reaction were CH,O concentration, CH,O, 
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(formic acid) concentration, pH, and temperature. 
Samples were collected at times of 0, 1, 2, 3, 5, 8, 
13, 21, 34, 55, 89, 116.5, 144, and 200 minutes 
(Fibonacci sequence augmented with two extra sam- 
pling times). The independent control variables and 
associated operating levels (which were the same as 
those used in earlier bench-scale testing) were as 
follows: 

1. CH,O concentration, mmol/L: 1.665, 16.65, 
31.64 

2. H,O, concentration, molar ratio HPOP/CH,O: 4, 
6, 8, 10 

3. Fe+3 concentration, molar ratio Fe+3/CH,0: 0.2 
4. Temperature, ‘C: 15, 25, 35 

The experimental design, shown in table 1, was di- 
vided into four segments: the first to verify scale-up 
assumptions used for the reactor; the second to de- 
termine the effects of using synthesized Yuma ser- 
vice water instead of deionized water for preparing 
CHzO test solutions; the third to reevaluate the ef- 
fects of mixing power input in a more controlled test 
environment (compared with phase I); and the fourth 
to determine whether improved oxidation could be 
achieved by metering H202 to the reactor over time 
as opposed to batch addition. 

Results and Discussion 

Scale-Up Veritication. - Tests l-l through l-l 1, 
shown in table 1, are those associated with reactor 
scale-up verification. Each test was run with the same 
“intensive” properties or variable levels (tempera- 
ture, pH, composition, and energy input) used during 
11 corresponding tests in the phase I bench-scale 
work, but at a considerably larger solution volume: 
106.6 L compared with 250 mL for the previous 
testing, a 426-fold increase. This degree of scale-up 
was chosen because it represents a multiplicative 
mean of the solution volumes of the phase I bench- 
scale reactor and the anticipated full-scale reactor. 

The principal basis for comparison of the two series 
of tests was vested in those tests conducted at mid- 
point conditions (tests l-l, l-4, and l-8 in table 1). 
The results of the phase II pilot-scale test l-8 and 
the phase I bench-scale test 10 are presented on 
figures 8 and 9, respectively. Both figures show the 
change with time in CHPO, CHz02, and %C (percent 
carbon of that present at t = 0; for these experiments 
the only source of carbon would be from the original 
formaldehyde and methanol stabilizer added, or from 
the oxidation products). In addition, H202 was meas- 
ured during test l-8 (see app. E for a discussion of 
the analytical methods development for hydrogen 
peroxide). The variation in temperature and pH for 
the two midpoint tests are compared on figures 10 
and 11, respectively. A typical printout from the com- 

puter-controlled data acquisition system for phase II 
temperature and pH is shown in appendix 8. 

A comparison of figures 8 and 9 shows that faster 
oxidation was achieved in the phase I midpoint test. 
Precise estimates of the disappearance time of 
CH202 are difficult, particularly with the phase I data. 
However, based on a visual interpolation, it is esti- 
mated that the times of disappearance are about 77 
and 91 minutes, respectively, for phases I and II. This 
equates to roughly an 18 percent increase in reaction 
time for phase II. The difference is more pronounced 
when comparing the disappearance times for CH,O 
and %C. Although an attempt was made to keep 
parameters the same in both tests, there were rel- 
atively small variations in temperature and pH, as is 
shown on figures 10 and 11. The temperature for 
the phase II test was higher (between 0 and 90 min- 
utes reaction time) by about 0.7 “C, which would tend 
to accelerate that reaction, not slow it down. In ad- 
dition, the phase II test was operating in a slightly 
more favorable pH range for the reaction (discussed 
in the section entitled “Reaction pH Dependence”): 
between 2.5 and 2.75. Considering that the remain- 
ing intensive properties (composition and energy in- 
put) of the tests were the same, and having 
eliminated pH and temperature as causes for the 
slower reaction rate, it appears (based on a com- 
parison of figs. 8 and 9) that scale-up does indeed 
cause the reaction to slow down. 

Further comparisons of the two sets of data, at non- 
midpoint conditions, are shown on figures 12(b), (c), 
and (d) [the midpoint comparison is repeated on fig. 
12(a) for reference]. The “high peroxide” test re- 
sults, shown on figure 12(c), tend to confirm slower 
reaction rates (based on the disappearance of CH,O,) 
for phase II, by about 20 percent. However, the “high 
formaldehyde” and “high temperature” test results 
presented on figures 12(b) and (d), respectively, 
show the phase II reactions surpassing those of 
phase I, yielding faster reaction rates by an estimated 
8 and 20 percent. This would suggest, perhaps, that 
there is less difference in the two sets of data than 
first indicated by the comparison of the midpoint 
results. 

Figure 8 shows that HzOz disappears shortly after 
the disappearance of CH202, although it is added to 
the reaction in excess of stoichiometric requirements 
(3-times based on the beginning CH20 concentra- 
tion). Based on an analysis of isothermal bench-scale 
data for the oxidation (discussed in the section en- 
titled “Modeling of Reaction Kinetics”), it was found 
that the decomposition of Hz02 is strongly inhibited 
by all three organic solutes: methanol, formaldehyde, 
and formic acid. As the reaction proceeds and the 
organics disappear, the decomposition reaction pro- 
ceeds uninhibited. 
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Table 1. - Experimental design for pilot-scale testing. 

Test CHpO Hz02 
H202 addition 

Fe+3 Initial Power 
No. Method Rate, Time, 

Prep. 
cont., cont., cont., 

mmol/L mmol/L 
temp., input, water 

mL/min min mmol/L “C W/L source 

l-l’ 16.65 99.90 Batch 
l-2 1.665 9.990 Batch 
l-3 31.64 189.8 Batch 
l-4” 16.65 99ho 

“66.60 
Batch 

l-5 16.65 Batch 
l-6 16.65 133.2 Batch 
l-7 16.65 166.5 Batch 
l-8’t 16.65 99.90 Batch 
l-9 16.65 99.90 Batch 
l-10 16.65 99.90 Batch 
l-l 1 8.33 49.95 Batch 

2-l + 16.65 
2-2** 16.65 
2-3’0 16.65 
2-4” 16.65 
2-5’$ 16.65 
2-6’5 16.65 

Batch 
Batch 
Batch 
Batch 
Batch 
Batch 

16.65 
16.65 

99.90 
99.90 
99.90 
99.90 
99.90 
99.90 

99.90 
99.90 

99.90 
99.90 
99.90 
66.60 
66.60 
66.60 

Batch 
Batch 

4-1” 16.65 
4-2’ 16.65 
43’ 16.65 
4-4 16.65 
4-5 16.65 
4-6 16.65 

Metered 
Metered 
Metered 
Metered 
Metered 
Metered 

60.91 
30.46 
15.23 
40.62 
20.31 
10.16 

15 

ii: 
15 

i: 

3.330 
0.333 
6.328 
3.330 

i-x 88 
3:330 
3.330 
3.330 
3.330 
1.665 

3.330 
3.330 
3.330 
3.330 
3.330 
3.330 

3.330 
3.330 

3.330 
3.330 
3.330 
3.330 
3.330 
3.330 

25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
17.1 
31.0 
25.0 

25.0 
25.0 
25.0 
25.0 
25.0 
25.0 

25.0 
25.0 

25.0 
25.0 
25.0 
25.0 
25.0 
25.0 

0.005 
.005 
.005 
.005 
.005 
.005 
.005 
.005 
.005 
.005 
.005 

.005 

.005 

.005 

.005 

.005 

.005 

.0005 

.05 

.005 

.005 

.005 

.005 

.005 

.005 

YSW 
YSW 
YSW 

1OYSW 
1OYSW 
1OYSW 

DI 
DI 

. Midpoint conditions - center point of the experimental region 
t Total carbon (1%) and H,O, measured 
* pH adjusted to 4.5 before catalyst addition 
§ pH adjusted to 2.7 before catalyst addition 
DI Deionized water 
YSW Yuma service water (synthesized): 300 mg/L 
1OYSW 10 times Yuma service water (synthesized): 3000 mg/L 
W/L Watts per liter 

The rate of oxidation can be increased by strength- 
ening the concentration of either CHPO or H202 in the 
reactor. As figure 13 shows, the time needed for the 
quantitative oxidation of CHIO solutions varying in 
concentration from 1.665 to 31.64 mmol/L (50 to 
950 mg/L) ranges from well in excess of 200 minutes 
to less than 55 minutes (Note on fig. 13 that the 
stoichiometric ratio of Fe+3 and CHIO remains con- 
stant; therefore, it is difficult to separate the effects 
of the two variables). Figure 14 indicates a reduction 
in oxidation time from approximately 144 minutes to 
less than 55 minutes for a range of H202 concentra- 
tions between 2 and 5 times the stoichiometric 
requirement. 

The effect of changing initial temperature for the re- 
action is seen on figure 15. Initial temperature has a 

major effect on the reaction rate over the range of 
temperatures investigated (17.1 to 31 .O ‘C). An in- 
crease of only 14 ‘C shortens the quantitative oxi- 
dation time for CHPO from more than 200 minutes 
to less than 34 minutes. Because most chemical re- 
action rates increase exponentially with temperature, 
these results were expected. 

Effects of Yuma Service Water Backgrvund TDS 
on the Oxidation. - Tests 2-l through 2-6, shown 
in table 1, were performed to determine the effects 
of background TDS (total dissolved solids), i.e. ionic 
strength, on the oxidation. Figure 16 shows the ox- 
idation of CH20 and CH202 in solutions prepared us- 
ing synthesized Yuma service water. Similar data are 
given on figure 17 for tests run with a background 
TDS equivalent to 10 times the concentration of 
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Yuma service water. The service water composition 
used for preparing the solutions is presented in 
table 2. Other than for ionic strength and pH, each 
of the tests represented in figures 16 and 17 were 
performed at midpoint conditions (see test l-8 in 
table 1). Note that, although the following discussion 
requires observations relating to the effects of pH on 
the reaction, the main discussions centering on the 
effects of pH are not presented until later in the 
report. 

Test 2-l [fig. 16(b)] was performed without pH ad- 
justment. The pH of 6.86, measured before catalyst 
addition, differed from the 4.63 for the “deionized 
water” test shown on figure 16(a) simply because 
of the added salts. This increase in pH caused a sig- 
nificant (approx. 30 percent) increase in the time re- 
quired for the oxidation of CHz02, presumably 
because of the effect of the higher pH on the solubility 
of the iron catalyst. In test 2-2, the results of which 
are shown on figure 16(c), the pH of the CH20 so- 
lution before catalyst addition was adjusted to a level 
close to that of the CHIO solution prepared with dis- 
tilled water. This resulted in a favorable oxidation rate 
for CHz02, very close to that for the distilled water 
test. One additional test at 3DO-mg/L TDS was run 
in which the solution pH was adjusted, before ca- 
talyst addition, to approximately 2.7 (within the op- 
timum pH range for the reaction of between 2.5 and 
2.75; i.e., after catalyst addition). The results, pre- 
sented on figure 16(d), show a decrease in oxidation 
efficiency, particularly for CHz02. These tests dem- 
onstrate the sensitivity of the reaction to pH. 

On figure 17, the same pH dependency seems to be 
prevalent with test solutions prepared with TDS = 
3006 mg/L. The best oxidation results again occur 
in figure 17(c) where the solution pH was adjusted 
to near the level of distilled water. It can be seen, 
however, that the efficiency of oxidation is generally 
poor with the higher salt background. 

Effects of Stimng Power Input on the Oxidation. 
- A calibration curve relating torque and revolutions 
per minute for dilute (low viscosity) solutions was 
provided by the company that supplied the reaction 
tank variable-speed mixer. From this information we 
were able to duplicate, in the present testing, stirring 
input power levels used during phase I. As shown in 
table 1, most of the tests were run at a mixing power 
input of 0.005 W/L (watts per liter), which represents 
the midpoint condition. Tests 3-l and 3-2 (table 1) 
were performed at input power levels a factor of 10 
lower and higher, respectively. This was done to fur- 
ther verify previous conclusions regarding the con- 
trolling mechanism for the reaction and system scale- 
up. 

During phase I, a series of tests, as described in [l], 
were run at midpoint conditions with varying stirring 

Table 2. - Major ion concentrations in Yums service water. 

Concentration 

Calcium, Ca+* 
Magnesium, Mg+* 
Sodium, Na+ 
Sulfate, SOa-* 
Chloride, CI- 
Bicarbonate, HC03- 

Silica, Si02 

TDS 

w/L 
8.8 
2.7 

98.1 
10.2 

157.9 
19.2 

6.1 

303.0 

me0 

:z 
4:27 
0.21 
4.45 
0.31 

power input levels. A correlation between stirring 
power and total carbon reduction in the reaction was 
shown to be small [slope less than 0.1 based on a 
linear fit of the data plotted as the log (1 .O - %C) 
versus 10~ power]. This indicated that the controlling 
mechanism for the oxidation was reaction rate, and 
that mass-transfer effects were relatively unimpor- 
tant. Figure 18 shows that in the larger pilot-scale 
reactor similar conditions exist. Although total car- 
bon was not measured during the course of the re- 
actions, it is evident from the CH20 and CH202 data 
that varying the mixing input power over a range of 
O.OOD5 to 0.05 W/L had virtually no effect on the 
rate of oxidation. This further verifies the assumption 
of small diisional resistance made in an earlier 
chemical similitude analysis for scale-up. 

Metered Hydrogen Pemxide Versus Batch Addi- 
tion. - An undesirable side reaction that occurs in 
the catalyzed oxidation of formaldehyde is the de- 
composition of hydrogen peroxide to oxygen and 
water. It was thought that this side reaction might 
be curtailed somewhat by metering H202 to the re- 
actor as opposed to batch addition. To investigate 
this theory, a series of tests (4-1 through 4-6, table 
1) were run at midpoint conditions in which H202 was 
metered to the reactions over periods of 15,30, and 
60 minutes. The results of these tests are compared 
with those of the batch addition case on figure 19. 
The results of a similar series of tests in which 2- 
times stoichiometric H202 was added instead of the 
midpoint level of 3-times are shown on figure 20. 

Superimposing the four graphs of figure 19 shows 
that, for both CH20 and CH202, the curves on figures 
19(b), (c), and (d) (tests in which H202 was metered) 
diverge from the corresponding batch addition 
curves until the end of their respective metering 
times. When the entire amount of H20z has been 
added, the curves again converge. The same is true 
for the data on figure 20. From this it appears that 

5 



very little, if any, benefit can be attained from me- 
tering H202, either from a rate or stoichiometric 
standpoint. This conclusion is supported by isoth- 
ermal data (discussed in the section entitled “Mod- 
eling of Reaction Kinetics”), which suggest that the 
organic solutes significantly inhibit the decomposi- 
tion of hydrogen peroxide. 

REACTION pH DEPENDENCE 

To better understand the effect pH has on the re- 
action, a series of beaker tests were performed to 
determine oxidation efficiency with time as a function 
of initial solution pH. Six beakers were filled with 
I .O L of 16.65 mmol/L (500 mg/L) CH*O, prepared 
with deionized water, followed by the addition of 
3.33 mmol/L of FeCI, catalyst. The pH of each of the 
six solutions was then adjusted with 0.05N 
HCI/NaOH to the following levels: 2.25, 2.50, 2.75, 
3.00,3.25, and 3.50. Finally, 99.90 mmol/L of H202 
was added to each beaker to start the tests. No at- 
tempt was made to regulate the temperature of the 
reactions. The starting temperature was approxi- 
mately 20 ‘C. Samples were then collected from 
each beaker at readtion times of 0,30,60,120,180, 
270, and 360 minutes for CHPO and CH202 analysis 
on the IC (ion chromatography). 

The results of the analyses are shown on figure 21. 
These graphs clearly show, based on the disap- 
pearance of CHz02, that the reaction proceeds faster 
at a pH of about 2.75 to 3.00. At higher pH’s the 
solubility limit of FeCI, is exceeded, and a precipitate 
forms which, in effect, reduces the amount of ca- 
talyst available to the reaction. At lower pH’s the 
reaction is also retarded; however, the mechanism 
for this is not fully understood. 

The data from these tests were used to select the 
initial pH levels for the isothermal bench-scale ex- 
periments, which are discussed in the next section. 

MODELING OF REACTION KINETICS 

This section presents results of response surface 
empirical modeling experiments for estimating the 
rate of hydrogen peroxide oxidation of formaldehyde 
storage solution in the presence of a homogeneous 
ferric chloride catalyst. Two independent sets of data 
are analyzed: first, previous phase I adiabatic reactor 
test data to obtain a preliminary reaction rate model; 
and second, phase II isothermal reactor test data 
from experiments of this test program. The inde- 
pendent variables for phase II are pH, temperature, 
and the concentrations of ferric chloride, hydrogen 
peroxide, methanol, and formaldehyde. The meas- 
ured response variables are the concentrations of hy- 
drogen peroxide, formaldehyde, and formic acid. 

The oxidation of the formaldehyde storage solution 
to carbon dioxide and water involves four reactions: 

I. Oxidation of the methanol stabilizer to 
formaldehyde, 

2. Oxidation of formaldehyde to formic acid, 
3. Oxidation of formic acid to carbon dioxide, and 
4. Decomposition of hydrogen peroxide to oxy- 

gen and water. 

The reaction rate model consists of four coupled dif- 
ferential equations. In this section these equations 
are solved by numerical integration to compare cal- 
culated with observed concentrations of hydrogen 
peroxide, formaldehyde, and formic acid. Based on 
a set of 65 experiments, the empirical model esti- 
mates the following for the range of conditions ex- 
pected at the Yuma Desalting Plant. 

I. Reaction rates as functions of pH, temperature, 
and concentrations of the reactants, ferric 
chloride catalyst, sodium chloride, and so- 
dium sulfate; 

2. Reaction orders (exponents) of the reactants 
and catalyst (reactions I, 2,3, and 4 above); 

3. pH for maximum reaction rates (reactions I, 2, 
3, and 4); 

4. Inhibiting effect of organic reactants on the de- 
composition of hydrogen peroxide (reaction 
4); 

5. Inhibiting effect of sodium sulfate (reactions 2, 
3, and 4); 

6. Promoting effect of sodium chloride (reactions 
2, 3, and 4); and 

7. Activation energies (reactions I, 2, 3, and 4). 

Experimental Design 

Preliminary Reaction Rate Mode/. - Data from the 
phase I adiabatic reactor tests [I] were analyzed to 
obtain a preliminary reaction rate model for estimat- 
ing the range of sample collection times for the phtise 
II response surface experiments. 

Series Firsr-Order Reacrions. - Neglecting oxidation 
of methanol, which is present in a mole ratio of 
0.17: I methanol to formaldehyde in the industrial 
grade formaldehyde solution, the oxidation of for- 
maldehyde to formic acid followed by the oxidation 
of formic acid to carbon dioxide may be described 
by the differential equations: 

dA/dt = -k,A; At t = 0, A = A, (1) 
dB/dr = k,A - k,B; At t = 0, B = 0 (2) 

where: 

ii 
= formaldehyde concentration, 
= formic acid concentration, and 

k,, k2 = rate constants that are functions of 
temperature, pH, catalyst concen- 
tration, and hydrogen peroxide 
concentration. 
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At constant values of k, and k2, equations (1) and R = gas constant = 0.008314 
(2) can be integrated to yield: kJ/(mol. K). 

A = A, exp (-k,r), and (3) For lack of methanol data, the rate constant, b,, for 
the oxidation of methanol to formaldehyde was as- 
sumed equal tothat for the oxidation of formaldehyde 
to formic acid. The catalytic decomposition of hy- 
drogen peroxide, an undesirable side reaction, was 
assumed negligible, see equation (9). Note that a 
common activation energy was assumed for the 
three organic species. 

B= Aok k,-k, [w (-W - ew k~2~)l (4) 

See figure 22 for concentration-time profiles de- 
scribed by equations (3) and (4). Operation at non- 
constant temperature, pH, or hydrogen peroxide 
concentration would distort these profiles. 

Nonlinear Regression with 81) Empirical Kinetics 
Model. - Figure 22 indicates that a series reaction 
of order one with respectto formaldehyde and formic 
acid may accurately describe the reaction kinetics. 
Because of this qualitative similarity between the se- 
ries first-order reaction and the phase I test results 
and because of the variation in pH and temperature 
during each reactor test and the lack of pH data, an 
exponent of 1 .O for the organic species was assumed 
in the following empirical power rate equations: 

f = G@ C44 10s exp (-&/RT) (5) 

rl = b, fC, (oxidation of methanol to 
formaldehyde) 

r2 = b,fC, (oxidation of formaldehyde to 
formic acid) 

r3 = 6& (oxidation of formic acid to ’ 
carbon dioxide) 

r4 =0 (decomposition of hydrogen 
peroxide) 

G -c-r 
dt 

1 

G 
- = r, - r, 

cii . 
L= dr r2--r3 

G 
- = - r, - r, - r3 - r, 
dt 

(6) 

(7) 

(8) 

(9 

(10) 

(11) 

(12) 

(13) 

where: 
4 = parameter to be estimated by nonlin- 

ear regression, 
b,f = k, in equations (l), (2), (3), and (4); 
4f = k2 in equations (1 ), (2), (3) and (4); 
4 = ;;/m,mop” Arrhenius activation energy, 

Ci = concentration of species i, mol/L; 
Cl = methanol, CH,OH; 
C, = formaldehyde, CH20; 
C, = formic acid, CH,O,; 
C, = hydrogen peroxide, H,O,; 
C, = ferric chloride, FeCI,; 
t = time, seconds; 
T = temperature, K; and 

The data set for estimating 6, through 4 consisted 
of phase I reactor tests: 6, 8, 10, 11, 12, 13, 14, 
15,16, lg,20,2 1,22,30,32,4g (containing meas- 
urements for both formaldehyde and formic acid), 
and 24, 36, 39, and 41 (containing no formic acid 
measurements). Values of concentration versus time 
were computed from the initial values (at t = 0) and 
equations (5) through (13) using IMSL FORTRAN nu- 
merical integration subroutine DGEAR [4]. Residual 
values were computed as: 

G - 62 
res, = 

C 20 

G - c3 
res2 = 

C 20 

where C,, is the initial formaldehyde concentration 
C, at r = 0, and G is the concentration of species i 
estimated by the numerical integration procedure de- 
scribed above. The Marquardt algorithm in SPSS 
Nonlinear [5] was used to perform the nonlinear 
regressions. 

Regression results are shown in table 3. Although 
the response variables (formaldehyde and formic acid 
concentration) were recorded at 12 different times 
for each test, these multiple observations were not 
independent, but provided replicate response meas- 
urements. All recorded response measurements 
were used as the data set for the regressions, but 
the number of independent observations was con- 
servatively considered as the number of tests mul- 
tiplied by the number of response variables. Thus, 
the total data set consists of 36 independent ob- 
servations [ 16 tests times 2 response variables plus 
4 tests times 1 response variable (formaldehyde con- 
centration only)]. 

Discussion. - At the test conditions of constant pH 
(approx. 3.3), temperature (25 ‘C), ferric chloride 
concentration (3.33 mmol/L), and initial hydrogen 
peroxide concentration (99.90 mmol/L), the regres- 
sion-estimated, first-order rate constants 

k, = 2.76 X 10-3s-1, and k,/k, = 0.38 
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Table 3. - Regression results of phase I data. 

Parameter i Estimated value Standard error 
of bi of estimate 

1 0.1151 0.21 

; 
0.04374 0.078 

-0.9045 0.47 
4 0.8949 0.45 
5 68.3 3.6 

Note: Standard errors are estimated based on 3 1 degrees of free- 
dom. 

(see fig. 22 for the concentration-time profiles for 
formaldehyde and formic acid at constant H202). The 
residuals are consistently skewed during the initial 
portion of each test with observed concentrations 
lower than those calculated for both formaldehyde 
and formic acid. This skewness indicates inadequacy 
of equations (5) through (9) to accurately describe 
the oxidation reaction. Possible reasons for the poor 
fit include: 

1. The empirical model with power parameters on 
ferric chloride and hydrogen peroxide may be 
inadequate. 

2. The reactions may be other than first-order 
with respect to formaldehyde and formic 
acid. 

3. Unmeasured and varying test conditions (e.g. 
pH) that influence the reaction rate were not 
included in the model. 

4. pH adjustment changed the form of iron 
catalyst. 

Possible reasons for the unexpected negative ex- 
ponent on the ferric chloride concentration include: 

1. Extreme collinearity between the “independ- 
ent” variables of formaldehyde, hydrogen 
peroxide, and ferric chloride because the ra- 
tios of their initial concentrations were the 
same for all but a few of the experiments. 

2. The assumption of negligible decomposition of 
hydrogen peroxide may be invalid, see equa- 
tion (9). 

3. Unmeasured and varying test conditions (e.g. 
pH) that influence the reaction rate were not 
included in the model. 

Experimental Apparatus and Procedures. - The 
phase II response surface experiments were con- 
ducted using 2.0-L test solutions contained in cov- 
ered beakers, which were submersed to about 
solution level in a constant temperature bath to 
achieve isothermal conditions. Test solutions were 
prepared from a 2-percent formaldehyde stock so- 
lution that had been allowed to hydrolyze to CHp(OH)p 
(methylene glygol) at room temperature for at least 

24 hours. Tests were run in groups of four with mix- 
ing provided by the ganged stirrer paddles of a 
Phipps 81 Bird model 300 jar test apparatus. 

Tests were initiated by bringing the solutions to equi- 
librium temperature with the bath. Ferric chloride ca- 
talyst was then added to each beaker and the pH of 
the unbuffered solutions adjusted with either HCI or 
NaOH to the initial test pH prescribed for each ex- 
periment. Finally, after an initial set of samples was 
collected, the tests were started (t = 0) by the ad- 
dition of H202. All samples were quenched with ex- 
cess NaHSO, (sodium bisulfite) for formaldehyde and 
formate analysis, and with H2S04 to an acid concen- 
tration of 1 .O N for hydrogen peroxide analysis. Sam- 
ples were analyzed within 4 hours. 

Temperature was measured with an NBS certified 
mercury-in-glass thermometer with a reported ac- 
curacy of 0.05 ‘C. An Orion model 501 pH meter 
with a combination electrode was used to initially 
adjust the pH of the test solutions and, subsequently, 
to make pH measurements. The meter was recali- 
brated with a pH 2.5,3.5, and 4.0 buffer before each 
sampling time, and the temperature compensation 
was adjusted to the temperature of the reactor. The 
accuracy of the pH measurements was determined 
to be 0.05 pH units. 

See appendix E for a description of the methods used 
for determining the concentration of formaldehyde, 
formate, hydrogen peroxide, and total iron. 

Temperature and pH were recorded and samples 
were collected for concentration measurements of 
hydrogen peroxide, formaldehyde, and formic acid 
initially (before the addition of hydrogen peroxide) 
and at five sampling times after the addition of hy- 
drogen peroxide. Two optimum sampling times for 
the measurement of formic acid were estimated 
based on the method of Box and Lucas [6], the pre- 
liminary reaction rate model developed from phase I 
data, and the following (erroneous) assumptions: 

1. Reaction rates are independent of ferric chlo- 
ride concentration; 

2. Reaction rates are independent of pH; and 
3. Concentrations of excess reactants remain 

constant at their initial values. 

To include additional earlier sampling times for for- 
maldehyde measurements and to compensate for the 
above assumptions, the two optimum sampling 
times were bounded by two earlier and one later ad- 
ditional sampling times. 

All reagents used were ACS (American Chemical So- 
ciety) reagent grade, except for the industrial grade 
formaldehyde, which was purchased in bulk for the 
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adiabatic pilot-scale testing. The formaldehyde spec- 
ifications closely matched those planned for the 
Yuma Desalting Plant. The specific gravity of the for- 
maldehyde was measured to determine initial meth- 
anol concentration. 

Experimenta/ Conditions. - Tables 4 and 5 list the 
eight independent variables and their specified values 
at the beginning of each of the 65 experiments. Con- 
centrations of ferric chloride, sodium chloride, and 
sodium sulfate salts were constant for each experi- 
ment. The +l level for sodium sulfate simulates a 
formaldehyde removal ion-exchange regeneration 
solution containing 2.5 percent sodium bisulfite that 
has been air-oxidized to sodium sulfate (see section 
in this report entitled “Bisutfite-Regenerated Ion Ex- 
change Testing”). Temperature and pH were ap- 
proximately constant for each experiment. The 
midpoint pH level was selected based on the results 
discussed in the previous section in this report en- 
titled “Reaction pH Dependence.” The low midpoint 
formaldehyde concentration of 50 mg/L was se- 
lected to accomplish the following: 

1. Model and maximize oxidation rates at low for- 
maldehyde and formic acid concentrations 
where the oxidation rates are slowest; and 

2. Extrapolate oxidation rates outside the exper- 
imental range down to disposal concentra- 

tions of 1 mg/L for formaldehyde and formic 
acid (in measuring formic acid concentrations 
with the ion chromatograph, the adjacent 
chloride ion peak was expected to prevent 
the detection of formate ion concentrations 
below 5 mg/L). 

Reaction Rate Model 

Four irreversible reactions are assumed for the hy- 
drogen peroxide oxidation of formaldehyde solution 
in the presence of ferric chloride catalyst: 

1. 

2. 

3. 

4. 

Oxidation of methanol stabilizer to formalde- 
hyde and water 

CHBOH + H202 + CHIO + 2H20 
Oxidation of formaldehyde to formic acid and 
water 

CH20 + H202 + CH202 + Hz0 
Oxidation of formic acid to carbon dioxide and 
water 

CHz02 + HzOz + CO,t + 2H20 
Decomposition of hydrogen peroxide to oxy- 
gen and water 

2H,02 + O2 + 2H20 

The following empirical reaction rate model was used 
to describe the rates of the above four reactions: 

Variable 

Table 4. - Initial values of independent variables for isothermal bench-scale testing. 

Level 

Units -2 -1 0 +1 +2 +3 

pH (unbuffered) 

Temperature 

Ferric chloride 
hexahydrate, 
FeC&. 6H20 

Hydrogen peroxide, 
W, 

Methanol, CHBOH 

Formaldehyde, 
CH20 

Sodium chloride, 
NaCl 

Sodium sulfate, 
Na,SO, 

“C 

mmol/L 
mg/L 

mmol/L 
w/L 

mmol/L 1.11 3.33 11.1 
w/L 35.6 107.0 356.0 

mmol/L 
w/L 

mmol/L 
w/L 

mmol/L 
w/L 

2.25 2.50 

15.0 

3.33 
113.0 

2.75 

25.0 

1.0 
270.0 

3.00 3.25 

35.0 

61% 

10.0 
680.0 

33.3 
1130.0 

1.67 16.7 
50.0 500.0 

::: 

0.0 
0.0 

6.0 
350.7 

0.5 10.0 200 
71.0 1420.0 26,400 

Note: A mole ratio of 0.17 to 1 methanol to formaldehyde in the methanol-stabilized industrial grade reagent produces initial 
methanol concentrations of 0.0, 0.295, and 2.95 mmol/L at initial formaldehyde levels of -1, 0, and +l , respectively. 
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Test 
No. 

Table 5. - Initial conditions of the isothermal bench-scale experiments. 

Initial Initial 
PH 

FeCI, WA CH,OH CH,O 

teFpp.s 
cont., cont., cont., cont., 

mmol/L mmol/L mmol/L mmol/L 

1 

3 
4 

f 

i 

1: 

:: 

:: 

15 

15 

:: 
‘21 
‘22 
‘23 

2 

;; 

t i 

33: 

332 

z2 

z; 

ii 

i? 

if 
‘44 
‘45 
‘46 

d;: 
249 
350 
451 
552 
101 
102 
103 

:EE 
106 

%I 
109 
110 
111 
112 

“I 13 
‘0114 

;:; 

2:50 
2.75 
2.75 
2.75 
2.75 
2.75 

?E 
2.75 

:%i 
2:50 
2.50 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 

f$ 

2.50 
2.75 
2.75 
2.75 
2.75 
3.00 

Sag 
2:50 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
3.25 
2.25 
2.75 
2.75 
2.75 
2.75 

1:E 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
3.25 
2.25 
2.75 
2.75 

10.00 
IO.00 

1:zz 
3;:;; 

33:30 
3.33 

IO.00 
10.00 
IO.00 
IO.00 
IO.00 
IO.00 
10.00 
IO.00 
33.30 

3z% 
3:33 

IO.00 
IO.00 
IO.00 
IO.00 
IO.00 
10.00 
10.00 
33.30 

3.33 
33.30 

3.33 

1:Ei 
1o:oo 
IO.00 
10.00 
IO.00 
IO.00 
IO.00 
33.30 

3.33 
33.30 

3.33 
IO.00 
IO.00 

%:E 
IO.00 
IO.00 
10.00 
10.00 
IO.00 
IO.00 
IO.00 
IO.00 
10.00 
IO.00 
IO.00 
33.30 

3.33 
IO.00 
IO.00 
IO.00 

1::fE 
IO.00 

0.29 
.29 
.29 
.29 
.29 
.29 
.29 
.29 

2.95 
0.00 
2.95 
0.00 

.29 

2: 
.29 

2.95 

E 
0:w 

.29 

.29 

.29 

.29 

.29 

.29 
.29 

:SX 
.29 
.29 

2.95 
0.00 
2.95 
0.00 
2.95 
0.00 
2.95 
0.00 

.29 

.29 

.29 

.29 

.29 

.29 

.29 
.29 
.29 
.29 
.29 
.29 
.29 

3.33 
3.33 
3.33 
3.33 
3.33 
3.33 
3.33 
3.33 

11.10 
1.11 
3.33 
3.33 

E3 

1% 
I:67 
1.67 
1.67 
1.67 
1.67 
1.67 

16.70 

1;:g 

I:67 
1.67 
1.67 
1.67 

16.70 
0.00 

16.70 
0.00 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 

1% 
I:67 
1.67 

16.70 

I:% 

1::g 
0.00 

16.70 
0.00 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
1.67 
0.00 

:E 
.oo 

:E 

:E 

:E 
.oo 

* Midpoint conditions - CH,O tests. 
1a Midpoint conditions - CH,OH tests. 
a 0.5 mmd/L Na,SO, added. 
3 10.0 mmol/L Na,SO, added. 
l 200 mmol/L Na,SO, added. 
6 6.0 mmol/L NaCl added. 



dG - = -r 

cE* 

10 At t = 0, C, = C,, (18) 

-=r,-r 

dd& 

2r Att=0,C2=C20 (19) 

At t = 0, C, = C, (20) 
- = r, - r,, dt 

C,, = 0 for all 
experiments 

G -= -r,-r,-r,--r,, Atr=O,C,=C,,,-, (21) 
dt ’ 

where: 
bj = 

Ci = 
= 

:; = 
$3 = 

4 
= 

2 I 

8+] I 

t = 

T = 
= 

2 = 

parameter to be estimated by 
nonlinear regression, 
concentration of species i, mmol/L, 
methanol, 
formaldehyde, 
formic acid, 
hydrogen peroxide, 
ferric chloride, 
sodium chloride, 
sodium sulfate, 
concentration of hydrogen ion, 
mmol/L, 
time, seconds, 
temperature, K, 
reference temperature, 298.15 K, 
gas constant = 0.008314 
kJ/(mol. K) 

r, = 1 O-6b, C,hC4b3Gb4exp(- 1 O*b#?T)-‘--(RTJ-‘) 
+ b,[H+] + b,[H+]* + b& + 10-3b,6C7) (14) 

r, = 10-‘34Q3C4b~C~b11 exp(- Wb,,( (FIT)-‘-(RTJ-1) 
+ b,3[H+] + b,4[H+]2 + b,& + 10-3b,&) (15) 

r, = 10-6b,,Cjb1*C4b~~C$o exp(- IS&,( (R7)-l-(RT,)-l) 
+ 4dH+l+ 4dH+Y + 44G + 10-34&) (16) 

r, = 10-6&.&4~7C;~ exp(-102&,((RT)-1-(RT&1) 
+ 4dH+l + 4,W+l* + 4& + 10-343c7 
+ 44CI + 4&2 + 4&Y (17) 

The differential equations and initial concentrations 
are: 

Reaction rate equations (14), (15), (16), and (17) con- 
tain the standard empirical power function relation- 
ships for the reactants and the catalyst, the Arrhenius 
relationship to describe temperature dependence, 
and an exponential function to describe the effect of 
hydrogen ion, promoter, and inhibitor concentra- 
tions. Scaling factors are included as required by the 
Marquardt nonlinear regression algorithm to maintain 
similar orders of magnitude for major parameters. 

The reference temperature, To, is included to reduce 
the correlation between parameters 6, and 4,4 and 

b,*, b,, and 4,. and 4e and 4+ The parameters 
10*4, lO*b,*, 10*4,, and 1O249 represent the Ar- 
rhenius activation energies in kilojoules per mole. 

The exponential relationship was chosen to describe 
the effect of hydrogen ion, promoter, and inhibitor 
concentrations to avoid negative values. For lack of 
data, the effects of sodium chloride and sodium sul- 
fate on the oxidation of methanol are assumed to be 
the same as their effects on the oxidation of for- 
maldehyde, refer to parameters b,, and ble in equa- 
tions (14) and (15). 

Although the set of experiments was not designed 
to estimate inhibition of reactions by the reactants 
themselves, poor fit of hydrogen peroxide concen- 
trations (without parameters 44, 45 and 48) and a 
review of references [6,7] indicated the need for pa- 
rameters 44, 45 and 4s, refer to equation (17). Df 
the three organic reactants, only methanol has been 
cited [7, 81 as an inhibitor of the decomposition of 
hydrogen peroxide. 

Parameter Estimation 

Values of concentration versus time for the 65 ex- 
periments were computed from the initial values and 
equations (14) through (21) using the IMSL FORTRAN 
numerical integration subroutine DGEAR [4]. 
Weighted residuals of the concentrations of hydro- 
gen peroxide, formaldehyde, and formic acid were 
computed as: 

c4 - 64 
res, = 

s4 

c2 - G 
res2 = 

s, 

G-G 
resB = 

s, 

(22) . 

(23) 

(24) 

where C is the calculated concentration of species 
i, and Si is the estimated analytical accuracy in meas- 
uring the concentration of species i. Both Gauss and 
Marquardt algorithms in SPSS Nonlinear [5] were 
used to perform the nonlinear regressions. 

Thirty-Six-Parameter Model. - Table 6 lists the pa- 
rameter estimates and standard errors for all 36 pa- 
rameters in equations (14) through (21). In estimating 
the standard errors, the total number of independent 
observations was conservatively evaluated to be 
179 (57 experiments times 3 response variables plus 
8 experiments times 1 response variable). With 36 
estimated parameters, the number of degrees of 
freedom is 143. Because only one experiment con- 
tained sodium chloride, no standard errors are listed 
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Table 6. - Thirty-six-parameter empirical reaction-rate model parameter estimates and standard errors. 

Reaction 

Oxidation of 
methanol 

Oxidation of 
formaldehyde 

Oxidation of 
formic acid 

Decomposition 
of hydrogen 

peroxide 

b, 6.16 
(0.12) 

4 0.344 
(0.020) 

4 5.84 
(0.05) 

4 0.560 
(0.044) 

4 0.955 
(0.023) 

b 
lo 1;::;) 

4 0.899 b 11 0.832 
(0.07 1) (0.077) 

1024 66.6 
(4.0) 

102b,, 63.3 
(6.8) 

4 0.384 
(0.029) 

4 -0.060 
(0.013) 

= b 15 

b 

b 14 -1.131 
(0.010) 

b 15 0.102 
( - 1 

= b 16 b 16 -6.30 
(3.26) 

b 

b 

b 
I9 (E) 

40 0.873 
(0.079) 

1024, 57.3 
(6.8) 

b 
22 (iE) 

b 
23 j::z;, 

b 24 10.145 
( - 1 

Parameter: 
Rate coeff. 
1 O-6 

Order of 
organic 
reactant 

Order of 
hydrogen 
peroxide 

Order of 
ferric 
chloride 
catalyst 

Activation 
energy, 
kJ/mol 

Ex onen tial 
Z&i%: 
V+l 
L/mm01 

V+12 
(L/mmol)2 

[NaCI] 
L/mm01 

W2S041 
1 O-3 L/mm01 

LyrEI 

N201 
L/mm01 

[CH2021 
L/mm01 

Note: Values in parentheses are estimated standard errors. 

46 9.01 
(0.12) 

b27 1.50 
(0.04) 

b 
28 (Z) 

1O2b29 51.6 
(7.8) 

4c 1.34 
(0.11) 

41 -0.192 
(0.029) 

42 0.119 
( - 1 

43 -4.43 
(9.06) 

44 -2.05 
(0.06) 

45 -0.463 
(0.137) 

48 -1.48 
(0.10) 
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for parameters &, b2,,, and 4*. The root-mean- 
square residual for 848 degrees of freedom (including 
observations from all 5 sampling times for each ex- 
periment) is 4.5. 

The reaction order estimate for formaldehyde of 0.58 
is less than the order of 1 calculated by Dunicz et. 
al. [9], but not significantly different from the two- 
thirds value calculated by Satterfield and Case [lo]. 
The reaction order estimates for methanol and formic 
acid are lower, approximately 0.4 

The rates of oxidation of the three organics all appear 
to be approximately proportional (first-order) to the 
hydrogen peroxide concentration. For hydrogen per- 
oxide decomposition the reaction-order estimate for 
hydrogen peroxide is 1.5, which is the theoretical and 
observed value reported by [l 11. The order of the 
ferric chloride catalyst is approximately 1 .O for all four 
reactions including the decomposition of hydrogen 
peroxide as reported by [l l] for the ferric ion alone 
(without chloride). 

Sixteen-Parameter Model. - Many of the param- 
eter estimates in table 6 have similar values. To re- 
duce the number of estimated parameters, common 
parameter values were assumed: 

4, bm 4,: 

$8 bnr 42: 

bwr 4m 43: 

44, 4Eir 4s: 

Order of organic reactants 
Order of hydrogen peroxide in 
reactions 1, 2, and 3 
Order of ferric chloride catalyst 
in reactions 1, 2, and 3 
Activation energy in reactions 
1, 2, and 3 
[H+] coefficient in reactions 1, 
2, and 3 
[H+12 coefficient in reactions 1, 
2, and 3 
[NaCI] coefficient in reactions 1, 
2, 3, and 4 
[Na,SO,] coefficient in reactions 
1, 2, 3, and 4 
Organic reactant coefficient in 
reaction 4 

In addition, the order of hydrogen peroxide was as- 
sumed to be 1.00 in reactions 1, 2, and 3 and 1.50 
(the theoretical value) in reaction 4. These assump- 
tions reduce the number of estimated parameters 
from 36 to 16 and resulted in an increase in the sum 
of squares of the residuals of only 12 percent. 
Regression results with the common parameter es- 
timates are listed in table 7. For estimating the stan- 
dard errors with 16 estimated parameters, the 
number of degrees of freedom is 163. The root- 
mean-square residual for all observations (d.f. = 866) 
is 4.7. 

Figures 23(a), (c), and (d) show the concentrations 
of organic reactants and hydrogen peroxide as pre- 
dicted by the 16-parameter model. At the midpoint 
conditions, the curve fit is good for formaldehyde and 
formic acid concentrations, see figure 23(a). The ad- 
dition of sodium sulfate at midpoint conditions se- 
verely reduces the rate of reactions, see figure 23(c). 
For high initial concentrations of hydrogen peroxide 
and formaldehyde, figure 23(d), the curve fit is less 
accurate. The poor fit to hydrogen peroxide data may 
be due to an error in the initial hydrogen peroxide 
concentration. 

Discussion 

Comparing the rate coefficients b,, 4, and $ of the 
three organic oxidation reactions (see table 7), the 
rate of oxidation of formaldehyde is approximately 
twice the oxidation rates for methanol and formic 
acid. The rate of decomposition of hydrogen per- 
oxide at the beginning of the midpoint experimental 
conditions (see table 4) is approximately equal to the 
rate of oxidation of formaldehyde. 

Defining the hydrogen peroxide efficiency, 0, as the 
rate of hydrogen peroxide oxidation of organic reac- 
tants divided by the total rate of hydrogen peroxide 
disappearance, then: 

f, + r, + f, 
rl = 

f, + r, + r, + r, 

The efficiency, n, is not constant but decreases with 
reaction time as the oxidation rates r,, r,, and r3 
(which vary with organic concentration) decline, see 
figures 23(a) and (b). At the midpoint experimental 
conditions, n falls from an initial value of 0.62 to an 
estimated 0.41 after 200 minutes. 

The 1 d-parameter model estimates a common order 
of 0.5 for the organic concentrations in the oxidation 
reactions 1, 2, and 3. Compared with the first-order 
initially assumed, this 0.5-order extrapolates higher 
reaction rates at low concentrations (e.g. 1 mg/L) of 
formaldehyde and formic acid. 

For the ferric chloride catalyst, the 16-parameter 
model estimates a common order of 0.8 in reactions 
1,2, and 3, significantly less than the estimated order 
of 1.2 for decomposition reaction 4. Thus, the op- 
timum concentration of ferric chloride may be brack- 
eted by low catalyst concentrations where oxidation 
reactions 1, 2, and 3 may proceed too slowly and 
by high catalyst concentrations where the undesir- 
able decomposition reaction 4 is favored. 

All four reaction rates exhibit a maximum as a fuhc- 
tion of hydrogen ion concentration. Figure 24 shows 
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the effect of pH on the reaction rates as estimated 
by the 36parameter model. The hydrogen ion con- 
centrations and pH values corresponding to maxi- 
mum reaction rates are: 

[H+] max., 
Model Reaction pH max. mmol/L 

36-parameter 1 3.19 2.50 

3 
2.69 2.57 
1.93 2.72 

4 3.53 2.45 

16-parameter 1 rZ3 2.54 2.60 
4 3.42 2.47 

The pH dependence of the reaction rates indicate that 
within the range of the experimental conditions, the 
optimum pH for maximizing the organic oxidation 
rates and minimizing the rate of decomposition of 
hydrogen peroxide is above 2.7 and probably below 
3.2. This optimum pH range is consistent with the 
recommended pH range of 2.75 to 3.00 in the sec- 
tion entitled “Reaction pH Dependence.” High re- 
actor costs and low hydrogen peroxide costs would 
favor an optimum pH of approximately 2.75. High 
peroxide costs and low reactor costs would favor an 
optimum pH of 3.0 to 3.2. 

The organic reactants significantly inhibit the decom- 
position of hydrogen peroxide. An organic concen- 
tration of 2.0 mmol/L (initial organic concentration at 
the experimental midpoint formaldehyde level of 
50 mg/L) reduces the decomposition rate by ap- 
proximately 83 percent (with the estimated value of 
& in table 7, 1 - exp [-0.881 x 2.01 = 0.83) com- 
pared with the rate in the absence of organics. This 
reduction is equivalent to reducing the ferric chloride 
catalyst concentration by a factor of 4 or reducing 
the temperature by 29 ‘C. The strong inhibition in- 
dicates that only a small amount of hydrogen per- 
oxide would be lost through decomposition by 
adding all of the hydrogen peroxide at one time as 
opposed to adding it over the entire oxidation period. 
This agrees with the observations made earlier in the 
discussion of the phase II pilot-scale test results. 
Competitive or other inhibitive effects of the organic 
reactants for reactions 1, 2, and 3 could not be dis- 
cerned from this set of experiments. 

Sodium sulfate inhibits both organic oxidation and 
hydrogen peroxide decomposition reaction rates. A 
concentration of 200 mmol/L, corresponding to an 
air-oxidized 2.5-percent sodium bisulfite solution, re- 
duces the reaction rates by 70 percent (with the es- 
timated value of b,, in table 7, 1 - exp [-0.00607 
x 2001 = 0.70) compared with the rates in the ab- 
sence of sodium sulfate. 

Sodium chloride appears to promote the reaction 
rates. Based on one experiment (test 52), 6 mmol/L 

(351 mg/L) of sodium chloride doubled the reaction 
rates (with the estimated ,value of IJ,~ in table 7, exp 
[0.109 X 6.01 = 1.9). For organic oxidations, this 
increase is equivalent to that resulting from increas- 
ing the ferric chloride catalyst concentration from 1 .O 
to 2.4 mmol/L. Thus, if chloride ion is the promoting 
ion [ 121, it appears that approximately 70 percent of 
the promoting effect of the ferric chloride catalyst 
between the midpoint and high experimental catalyst 
concentrations is from the chloride anion. Because 
high ferric chloride catalyst concentrations favor the 
hydrogen peroxide decomposition reaction, sodium 
chloride plus a low ferric chloride concentration may 
serve as a better catalytic reagent provided high so- 
dium chloride concentrations do not favor hydrogen 
peroxide decomposition. 

The Arrhenius activation energies range from 44 to 
67 kJ/mol (11 to 16 kcal/mol) for the four reactions. 
These activation energies correspond to rate in- 
creases of 6 to 10 percent per ‘C, or factors of 1.8 
to 2.5 for a 10 “C rise in temperature (20 to 30 “C). 

Figures 25 and 26 present extrapolations of the 16- 
parameter model outside the range of the experi- 
mental conditions used to estimate the empirical pa- 
rameters. This was done to facilitate comparisons of 
the model with adiabatic test data (fig. 25) and to 
estimate total reaction times required for the oxi- 
dation of formaldehyde solutions using’ high initial 
concentrations of hydrogen peroxide (fig. 26). The 
reader should be cautioned that the isothermal tests 
and resulting model were designed to evaluate the 
oxidation at low concentrations*; i.e., near the com- 
pletion of the reaction. Consequently, extrapolations 
of the model to higher concentrations may be of 
questionable accuracy. 

Figure 25 shows the 16-parameter model predictions 
for the adiabatic (phase I and II) midpoint test con- 
ditions (table 1). Figure 25(a) presents the compari- 
son for formaldehyde and formate, and figure 25(b) 
gives the comparison for hydrogen peroxide. As was 
discussed earlier in the report, the phase I bench- 
scale midpoint oxidation appears to proceed about 
20 percent faster than the phase II pilot-scale oxi- 
dation (based on the disappearance of formate). On 
figure 25(a), the 16-parameter model predicts an 
even faster oxidation during the first 75 to 90 min- 
utes of the reaction. However, after 90 minutes the 
adiabatic tests show formate quickly disappearing to 
below the ion chromatograph detection limit of about 
3 mg/L (0.065 mmol/L); whereas, the model predicts 

2 In the isothermal experiments, the maximum hydrogen peroxide 
and ferric chloride concentrations were 33.3 and 3.0 mmolar. re- 
spectively. The range of formaldehyde and formic acid measure- 
ments was approximately 0.1 to 17 mmolar. 
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Table 7. - Sixteen-Parameter empirical reaction-rate model parameter estimates and standard errors. 

Reaction 

Oxidation of 
methanol 

Oxidation of 
formaldehyde 

Oxidation of 
formic acid 

Decomposition 
of hydrogen 

oeroxide 

Parameter: 
Rate coefF. 
10” 

Order of 
organic 
reactant 

Order of 
hydrogen 
peroxide 

Order of 
ferric 
chloride 
catalyst 

Activation 
energy, 
kJ/mol 

~g$?fg: 

v+1 
L/mm01 

W+12 
(L/mmol)2 

[NaCI] 
L/mm01 

PJa2S041 
1 O-3 L/mm01 

l!jx2 

V4201 
L/mm01 

W2021 
L/mm01 

b, 4.80 
WQ) 

4=4 

4 1.00 b 10 1.00 

4 = 4, 

1024 66.6 
(4.0) 

4 = b,3 b 13 0.479 
(0.019) 

4 = b,, b 14 -0.094 
(0.012) 

= 4s b 16 0.109 
(0.076) 

= 4s b 

4 10.72 
(0.51) 

4 0.529 
(0.023) 

b 11 0.805 
(0.093) 

1O2b,2 63-3 
(6.8) 

b 17 5.87 
(0.29) 

hs = 4 

48 10.56 
(1 .w 

b 19 1.00 

40 = b,, 

47 1.50 

b 28 1.24 
(0.16) 

10% 57.3 102b9 51.6 
(6.8) (7.8) 

42 = b,3 

43 = b,, 

44 = bw 

4s = he 

40 1.20 
(0.10) 

41 -0.175 
(0.037) 

42 = b,s 

43 = he 

44 = 45 

45 0.881 
(0.107) 

4s = 45 

Notes: Values in parentheses are estimated standard errors. 
Order of hydrogen peroxide values were fixed before regression. 
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a much slower decay of formate, requiring well over 
200 minutes to reach the IC detection limit. 

Figure 25(b) shows a close comparison between the 
model prediction for hydrogen peroxide and the pilot- 
scale data. Also shown is a model parameter referred 
to as the H202 (hydrogen peroxide) efficiency. This 
parameter graphically reflects the ability of organics 
&HZ0 and CH202) to inhibit the decomposition of hy- 
drogen peroxide to oxygen and water. As shown, 
the H202 efficiency remains at a high value, near 100 
percent, until the formaldehyde disappears and for- 
mate is on a steep decline (approx. 35 minutes re- 
action time), at which time the decomposition 
reaction accelerates. 

Figure 26 summarizes the total reaction times re- 
quired to oxidize formaldehyde storage solution to a 
formic acid concentration of 0.333 and 0.033 
mmol/L (molar concentrations equivalent to 10 and 
1 mg/L formaldehyde, respectively) as predicted by 
the 16-parameter model. The predicted curves cor- 
respond to pH = 2.75, temperature = 25 ‘C, and the 
absence of promoting and inhibiting inorganic solutes 
such as sodium chloride and sodium sulfate. Curves 
are presented for three initial hydrogen peroxide con- 
centrations: 50, 100, and 200 mmol/L; and two ca- 
talyst concentrations: 1 .OO mmol/L Fe+3 (isothermal 
midpoint) and 3.33 mmol/L Fe+3 (adiabatic midpoint). 
The total reaction times on figure 26 may be multi- 
plied by 3 for predicting operation at 15 ‘C, and by 
0.5 for operation at 35 “C. 

Of the 12 reaction time curves on figure 26, those 
on figure 26(c) for initial hydrogen peroxide concen- 
trations of 50 and 100 mmol/L correspond most 
closely to the range of experimental conditions. All 
figure 26 curves, however, may be used for devel- 
oping preliminary process designs and selecting the 
optimum (least cost) concentrations of hydrogen per- 
oxide and ferric chloride for expected ranges of for- 
maldehyde concentration and temperature. If the 
projected optimum concentrations of hydrogen per- 
oxide and ferric chloride are not within the ranges of 
the phase II isothermal experiments, then additional 
experiments should be conducted to measure and 
verify the rates of reaction in the region of the op- 
timum concentrations. 

BISULFITE-REGENERATED ION 
EXCHANGE TESTING 

A procedure involving anion exchange was proposed 
as a method of concentrating low levels of residual 
formaldehyde to be flushed from the RO control 
blocks at the Yuma Desalting Plant [13]. This would 
allow the reuse of effluent from the exchange process 
for additional control block flushing, which would re- 
sult in a considerable savings of water. 

The procedure is not a true ion exchange process 
because formaldehyde reacts with bisulfite already 
absorbed into the anion exchange resin rather than 
being exchanged itself. Initially, the resin is placed in 
the bisulfite ion form: 

R-Cl + NaHSO, __+ R-HS03 + NaCl 

Subsequently, the solution containing formaldehyde 
is passed through the resin enabling the formation of 
an adduct of formaldehyde and bisulfite to occur: 

R-HS03 -t CH20 + R-HS03.CH20 

It is this step that would be used to remove formalde- 
hyde from the flushing water. When the resin is ex- 
hausted, regeneration is necessary -by passing a 
solution of bisulfite ion through the bed: 

R-HS03.CHP0 + NaHSO, __+ R-HSO, + NaHSO, 
+ NaHSO,. CHIO 

Thus, the eluate from the regeneration contains 
NaHSO, and concentrated CH20 that can be directed 
to the oxidation tank for final disposal. 

An experimental approach was developed to inves- 
tigate the potential of this method to concentrate 
formaldehyde. Two methods of testing were used: 
equilibrium and dynamic. Equilibrium testing is ben- 
eficial in providing information about the behavior of 
the system when in different environments, i.e. dif- 
ferent formaldehyde concentrations, flow conditions, 
pH, and background TDS. Dynamic testing provides 
concentration histories that furnish both break- 
through information and formaldehyde capacity data. 
Both methods were valuable tools in determining the 
effectiveness of this exchange process to remove 
formaldehyde. 

Experimental Apparatus and Procedures 

Equilibrium Tests. - Equilibrium tests were used to 
supply information regarding system behavior under 
different operating conditions. These included vary- 
ing formaldehyde feed concentration, flow rate, total 
volume of throughput, pH, and the amount of rinse 
water used between exhaustion and regeneration. 
Rinse water is important because of the effect it can 
have on the equilibrium established during exhaustion 
between formaldehyde and bisulfite. In addition, 
tests were performed using both deionized water and 
synthesized Yuma service water to determine the ef- 
fect of chloride and sulfate ions on the system (see 
the analysis of Yuma service water in table 2). This 
series of tests provided an accurate measurement of 
the amount of formaldehyde that reacts with the bi- 
sulfite on the resin under specific conditions, the so- 
called “formaldehyde capacity.” 
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The test apparatus used for these experiments in- 
cluded glass burets, each of which contained 10 mL 
of Amberlite IRA-402 anion exchange resin. This 
resin, manufactured by Rohm and Haas, is a strongly 
basic gelular anion exchange resin with a styrene di- 
vinylbenzene copolymer matrix. The resin was sup- 
ported by a layer of glass wool that prevented the 
resin from passing out the bottom of the buret. Test 
solutions were supplied to the burets from elevated 
feed tanks. Flow rates were adjusted and set from 
the buret stopcock. 

The procedures involved initially placing the resin in 
the OH- form by passing 500 mL of 4-percent NaOH 
through the bed at approximately 9 mL/min. Regen- 
eration with 500 mL of lepercent NaHSO, then put 
the resin in the bisulfite form (flow rate approximately 
11 mL/min). Finally, a 40-mL water rinse was per- 
formed to flush excess bisulfite solution from the bed 
pore volume. 

An experimental design matrix for the equilibrium 
tests, including the operating conditions for each bu- 
ret, is shown in table 8. The matrix outlines the in- 
dependent variables investigated: CHzO influent 
concentration, the use of deionized versus Yuma ser- 
vice water, length of water rinse, pH, flow rates, and 
total volume throughput. In each test, influent and 
effluent samples were collected for comparison just 
before the depletion of the feed volume to ensure 
that equilibrium conditions had been met. Another 
water rinse followed the exhaustion step to remove 
formaldehyde from the pore volume before 
regeneration. 

A two-step regeneration was conducted to ensure 
complete removal of formaldehyde. Each involved in- 
jecting 500 mL of lo-percent NaHSO, into the bed 
at a flow rate of about 2 mL/min. The entire effluent 
volume of each regeneration was collected sepa- 
rately, and then mixed well to provide a homoge- 
neous solution. These solutions were then analyzed 
for total formaldehyde content, thus providing the 
“formaldehyde capacity” value. The formaldehyde 
content was analyzed using the ion chromatographic 
method described in appendix E. 

Dynamic Tests. - Dynamic tests were conducted 
so that the behavior of the pertinent species, CH*O, 
HS03- and Cl-, might be examined throughout the 
ion exchange cycle. These tests provided break- 
through information and formaldehyde capacity data 
under different operating conditions. 

A schematic of the experimental apparatus, which 
consists of an ion exchange column and required ac- 
cessories, is shown on figure 27. The column was 
constructed of heat-resistant glass with Teflon and 
polypropylene end fittings. It was about 2 m long 

with an inside diameter of 25 mm. Surrounding the 
column was a glass water jacket that provided a con- 
stant temperature environment for the process. A 
temperature-controlled water bath provided the 
heating and cooling to the jacket and contained tub- 
ing coils for the influent streams. Variable-speed, 
positive-displacement roller tubing pumps supplied 
the exhaustion and regeneration streams to the col- 
umn, and the flows were monitored by rotameters 
and regular bucket-and-stopwatch measurements. 
The exhaustion and regeneration tanks were poly- 
vinyl chloride and had capacities of 208 and 57 L, 
respectively. Pressure gauges and glass thermome- 
ters provided pressure and temperature readings. 

The column contained 500 mL of the Amberlite IRA- 
402 resin manufactured by Rohm and Haas, identical 
to the resin tested in the equilibrium work. The bed 
was supported by a mesh that prevented loss of resin 
from the column. 

The procedures involved with the dynamic tests 
were similar to those for the equilibrium work except 
that the effluent concentration history was charac- 
terized. Initially, the resin was placed in the OH- form 
by injecting 10 L of 4-percent NaOH into the column 
at a rate of 25 mL/min. The resin was converted to 
the bisulfite form with 5 L of 1 D-percent NaHSO, also 
at a flow rate of 25 mL/min. A water rinse was then 
provided to flush the excess NaHSO, from the pore 
volume. The prescribed formaldehyde solution was 
then fed into the bed while effluent samples were 
collected from the bottom of the column at inter- 
mittent times. These samples were then analyzed, 
using the ion chromatograph, to provide a concen- 
tration history of the pertinent ions. The analyses 
were complicated by having to predict, in advance, 
an appropriate bisulfide concentration for each 
sample. 

Results and Discussion 

Equilibrium Tests. - The agreement between the 
concentrations of influent and effluent pairs confirms 
that equilibrium between solution and resin had been 
achieved. When the initial regeneration samples were 
analyzed, formaldehyde was found only in the deion- 
ized water test, column 1. The other tests (columns 
2 through 6) used simulated Yuma service water in 
the exhaustion step. This water contains a consid- 
erable amount of chloride and sulfate ions, 
157.9 mg/L and 10.2 mg/L, respectively (table 2). 
The regeneration samples from columns 2 through 
6 contained large chloride concentrations but no de- 
tectable formaldehyde. This indicates that chloride 
ions had replaced bisulfite ions on the resin during 
exhaustion. Without bisulfite retention on the resin, 
no net formaldehyde removal was possible under the 
experimental conditions. However, the dynamic tests 
described below did show formaldehyde removal. 
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Table 8. - Experimental design for ion exchange equilbrium testing. 

Col- 
umn 
No. 

CH20 concentration 

lnfluent Effluent 

w/L me@ w/L meq/L 

Back- 
ground 

TDS 

Rinse pH 
duration 

Flow rate, Total 
mL/min volume, 

L 

53.1 1.77 49.5 1.65 Normal 7 
44.4 0.23 1.48 40.8 1.36 YSW YKV Normal Normal it; 

24::: 243.; 8.;3 

7 7 
3:4 

ii 
190 

8.13 YSW Normal 7 

ii:: 1.48 1.48 42.3 44.4 1.48 1.41 YSW YSW Normal Long 10 7 i-i 5:9 

8 

ii 

bl 
YSW 

Unmeasured. 
Deionized water. 
Yuma service water (synthesized): 300 mg/L (see table 2). 

There was quantitative removal of formaldehyde 
from column 1, which used deionized water without 
added salt for the exhaustion feed water. The re- 
generation sample contained 11.25 meq of formal- 
dehyde (1.12 meq/mL resin). This is an adequate 
removal considering that Rohm and Haas indicates a 
1 .25-meq/mL resin total anion exchange capacity for 
IRA-402 anion exchange resin. Thus, practical for- 
maldehyde removal is possible provided that effects 
of anions in the feedwater can be overcome. 

Dynamic Tests. - Two dynamic tests were de- 
signed based on the equilibrium test results. The pur- 
poses of these tests were (1) to further support the 
conclusion from the equilibrium work that chloride 
ions were indeed replacing bisulfite ions on the resin, 
(2) to illustrate when this exchange was occurring 
during the exhaustion step, and (3) to provide data 
on the feasibility of the practical application of the 
process. 

The exhaustion of the resin in the bisulfite form was 
conducted using the following two sets of test 
conditions: 

Water Composition 
(mg/L) WWL) Flow 

rate, Temp., 
CH,D CI- so,-2 mL/min ‘C 

Test 1 501 118.7 1579144.5 102 12.13 200 25 
Test 2 48.911.63 157.914.46 10.2/0.21 300 26 

Figure 28 depicts the concentration history or profile 
of formaldehyde and chloride ions throughout ex- 
haustion for dynamic test 1. This history represents 
the effluent concentrations of the respective ions as 
collected from the bottom of the column. A lO-fold 
concentration increase over equilibrium test condi- 
tions was used in dynamic test 1 to shorten the time 
required to reach equilibrium such that the test could 
be conducted in a reasonable amount of time. Figure 
28 indicates that chloride ions are indeed taken up 
by the resin and chloride breakthrough occurs at 

about 15 bed volumes, after which there is no further 
net removal of formaldehyde. Since a bed volume 
represents 500 mL, 15 bed volumes is equivalent to 
7.5 L of solution passing through the column. Formal- 
dehyde appears in the effluent solution after 10 bed 
volumes, and the peak of its breakthrough occurs at 
approximately 22 bed volumes. This early break- 
through shows how chloride was preferentially ab- 
sorbed relative to bisulfite. 

Gabrielson and Samuelson [ 131 indicated some prob- 
lems with quantitative formaldehyde removal. Two 
possible explanations are that the formaldehyde- 
bisulfite bond breaks up with continued water 
throughput or that the HSOS-•CHzO absorbed at the 
top of the anion exchanger is displaced by Cl- and 
not reabsorbed below because the exchange sites 
are already occupied by HSO1-. Either or both of 
these equilbria could cause the observed leakage. 

Figure 29 and table 9 present the concentration pro- 
file (formaldehyde and chloride breakthrough) result- 
ing from dynamic test 2 and associated tabulated 
data, respectively. The feed concentration used cor- 
responds to that tested in the equilibrium studies. 
Leakage of formaldehyde appeared gradually, at 
about 60 bed volumes, as chloride ions displaced 
bisutfite ions (adduct of formaldehyde and bisulfite) 
on the resin. Figure 30 shows the accumulated av- 
erage leakage for both ions. 

The discrepancy between the breakthrough point of 
the two dynamic tests (10 L throughput for test 1 at 
a 1 O-fold concentration compared with 60 L through- 
put for test 2) results from, as previously discussed, 
the equilibrium of the adduct compound HSOB- l CHPO 
and/or the equilibrium and column dynamics of 
HSOB- on the anion exchange resin. 

Though the bisulfite was preferentially stripped from 
the resin in exchange for chloride ions, the process 
removed considerable formaldehyde from the feed 
stream before the bisulfite ions on the resin had been 
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Table 9. - Formaldehyde and chloride concentration versus bed volumes for dynamic test 2. 

Accumulated 
Effluent Concentration Average Leakage 

w/L meq/L w/L meq/L 

Bed Volume CH,O CI- CHIO CI- CHPO CI- CH20 CI- 

Resin Capacity, 
eq/L of Resin 

CHPO CI- 

INFLUENT: 
0.0 

12.0 
36.2 
60.1 
78.1 
96.4 

108.3 
120.2 
132.1 
141.1 
150.2 
159.5 
174.4 
183.3 
192.1 
201 .o 
210.0 
219.1 
228.0 
237.1 
246.2 
255.5 

48.9 
0.0 

:A 
1.0 
1.8 

3-i 
7:7 

11.2 
16.0 
22.2 
30.0 
40.0 
50.0 
60.0 
78.0 
96.0 

106.0 
115.8 
120.0 
125.0 
120.8 

157.9 
0.0 

:: 

:: 

:: 

:: 

:: 

:: 

1:: 

;*: 
7:o 

12.0 
21.0 
26.9 
37.5 

1.63 
0.00 

.oo 

.02 

.03 

.06 

.09 

.13 

.26 

.37 

.53 

.74 
1.00 
1.33 
1.67 
2.00 
2.60 
3.20 
3.53 
3.86 
4.00 
4.17 
4.03 

4.45 
0.00 

.oo 

:E 

:E 
.oo 
.oo 

:E 

:E 

:: 
.03 
.06 
.08 
.20 
.34 
.59 
.76 

1.06 

0.0 

:: 
.4 
.7 

1.0 
1.2 

:-i 
3:1 

;:: 

2 
1118 
14.3 
17.4 
20.9 
24.4 
28.0 
31.5 
34.8 

OYO 
:i 
:: 
:: 
:: 
.O 

:: 

:: 
.O 

1: 

:t 
1.4 

3:; 

0.00 
.oo 
.Ol 
.Ol 
.02 
.03 

:E 
.08 
.lO 
.14 
.18 
.26 
.32 
.39 
.48 
.58 
.70 
.81 
33 

1.05 
1.16 

0.00 

:E 

:E 

:: 

:E 

:E 

:: 
.oo 

:E 
.Ol 
.Ol 
.02 

:G 
.09 

0.00 
.02 
.06 
.lO 
.13 
.15 
.17 
.1g 
.20 
.22 
.22 
.23 
.24 
.24 
.24 
.23 
.22 
.20 
.1g 
.17 
.14 
.12 

0.00 
.05 
.16 
.27 
.35 
.43 
.48 
.53 
.59 
.63 
.67 
.71 
.78 
.82 
.85 
.89 
93 
97 

1.01 
1.05 
1.08 
1.11 

exhausted. This can be seen both in the data of table 
g and graphically on figure 31. This figure presents 
the formaldehyde capacity of the resin as a function 
of the number of bed volumes passed through the 
bed. The maximum formaldehyde capacity of 
0.24 eq/L occurs at approximately 183 bed volumes 
of throughput. Compared with the 1.25-eq/L total 
capacity of the resin, as reported by Rohm and Haas 
[14], less than 20 percent of the available resin was 
used for formaldehyde removal. However, the total 
capacity is virtually never achieved in a practical ion 
exchange process using strong base anion exchange 
resins because of the large excess of regenerant that 
would be required. Another consequence of the pref- 
erence of the resin for chloride over sulfiie is that 
some leakage of formaldehyde begins early in the 
exhaustion step. Exhaustion can be concluded at an 
early breakthrough volume to yield a less concen- 
trated effluent stream, but only at the expense of a 
relatively inefficient use of the available resin. 

CONCLUSIONS 

1. A comparison of the bench-scale (0.25-L solution 
volume) and pilot-scale (106.6-L solution volume) 

adiabatic midpoint test results indicated a 20-percent 
slower reaction in the larger reactor. 

2. A background salinity of 300 mg/L (synthesized 
Yuma service water) slowed the reaction by an es- 
timated 10 to 15 percent, compared with tests run 
with deionized water. A background salinity of 3000 
mg/L (10 times the concentration of Yuma service 
water) slowed the reaction by 60 to 75 percent. 

3. Varying the mixing input power for the reaction 
over a range of 0.0005 to 0.05 watts per liter had 
virtually no effect on the rate of oxidation. This fur- 
ther verifies the assumption of small diffusional re- 
sistance made in an earlier chemical similitude 
analysis for scale-up. 

4. Adding all the hydrogen peroxide at the beginning 
of the oxidation (batch addition) results in a faster 
initial reaction rate, but no higher consumption of 
hydrogen peroxide than for metered addition. 

5. During normal operation at or near the optimum 
pH for the reaction, there will be no sludge with which 
to contend. However, consideration might be ‘given 
to increasing the pH at the conclusion of the reaction 
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to precipitate iron before final disposal of the 
solution. 

6. The empirical reaction rate model presented in 
this report can be used at the Yuma Desalting Plant 
to predict and optimize the hydrogen peroxide oxi- 
dation of formaldehyde storage solutions to carbon 
dioxide and water in the presence of ferric chloride 
(50 to 500 mg/L), sodium chloride (0 to 400 mg/L), 
and sodium sulfate (0 to 30 000 mg/L); in the pH 
range of 2.2 to 3.3; and in the temperature range of 
15 to 35 ‘C. An accurate description of the inhibiting 
effect of the organic solutes, i.e. methanol, formal- 
dehyde, and formic acid, however, requires further 
experiments and modeling. 

7. Observed rates of oxidation of the organic solutes 
are proportional to [CH,0H]0.3, [CH2010.*, [CH202]0.4, 
[H202]1.0to 1.3, and [FeCI,]“.8*~0.*. The observed rate of 
decomposition of hydrogen peroxide is proportional 
to [H20z]1.6 and [FeCI,]1.2. 

6. Based on observations made during isothermal 
testing, maximum reaction rates occur in the pH 
range of 2.4 to 2.7. The low pH favors the decom- 
position of hydrogen peroxide, and the high pH favors 
the oxidation of the organic solutes. 

9. The organic solutes significantly inhibit the un- 
desirable decomposition of hydrogen peroxide. A 
concentration of 50 mg/L formaldehyde and 
10 mg/L methanol reduces the decomposition rate 
by approximately 90 percent. 

10. Sodium sulfate inhibits all reactions. A 2.8-per- 
cent solution reduces the reaction rates by approx- 
imately 70 percent. 

11. Sodium chloride promotes all reactions. It ap- 
pears that 70 percent of the catalytic action of ferric 
chloride may be from the chloride anion. 

12. The activation energies range from 44 to 67 
kJ/mol for the four reactions. This corresponds to 
rate increases of 6 to 10 percent per ‘C, or a factor 
of 1.8 to 2.5 increase for a 10 ‘C rise in temperature 
(20 to 30 ‘C). 

13. During the ion exchange testing, in which syn- 
thesized Yuma service water was used to prepare 
the formaldehyde feed solutions, chloride was found 
.to be preferentially absorbed by the resin relative to 
bisulfite. As a result, the maximum formaldehyde ca- 
pacity of the resin was limited to 0.239 eq/L, less 
than 20 percent of the 1.25 eq/L total exchange ca- 
pacity reported by the manufacturer. 

14. Despite unfavorable equilibria in the presence of 
chloride, further study may help develop a practical 
ion exchange process for concentrating low levels of 

residual formaldehyde from RO control blocks. Be- 
cause of the infrequent use of the process, the eco- 
nomics will be much different than would normally 
be the case for ion exchange; i.e., regenerant costs 
probably will not be as significant. 

15. The ion exchange process gives potential for 
recycling formaldehyde as a biocide; however, the 
feasibility of doing this has not been addressed and 
would have to be part of a broader engineering anal- 
yses including related processes. 

16. Although an analysis of alternative construction 
materials was beyond the scope of this study, the 
Dow 411 vinyl ester resin used for the fabrication of 
the reaction tank was determined to be adequate. 

RECOMMENDATIONS 

1. The curves on figure 26 may be used for devel- 
oping preliminary process designs and selecting the 
optimum (least-cost) concentrations of hydrogen 
peroxide and ferric chloride for expected ranges of 
formaldehyde concentration and temperature. lf the 
projected optimum concentrations of hydrogen per- 
oxide and ferric chloride are not within the ranges of 
the phase II isothermal experiments, then additional 
experiments should be conducted to measure and 
verify the rates of reaction in the region of the op- 
timum concentrations. 

2. The feasibility, design, and selection of the ion 
exchange process, if used, should be done in con- 
junction with the RO flushing and oxidation pro- 
cesses. They should be considered integrally to 
determine overall optimum economics and operabil- 
ity of formaldehyde disposal. 
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Figure 1. - Pilot plant equipment and instrumentation diagram. 
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.Figure 2. -Pilot plant including holding tank on the left and
reactor on the right. PBO1-D-B1362

Figure 3. -Pilot plant controls and instrumentation. PBO1-D-B1363
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Figure 4. -Top view of holding tank showing Lightnin mixer, heat exchanger tubing, vent,
temperature probe, and access cover. PSO1-D-S1364

Figure 5. -Top view of insulated reactor showing Eastern variable speed mixer, vent, pH
and temperature probes, hydrogen peroxide feed port (lower left), and access cover.
P801-D-81365
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Figure 6. -Uniloc pH analyzer and Masterflex digital flow drive used for metering hydrogen
peroxide to the reactor. P801-D-81366

Figure 7. -Hewlett Packard data acquisition system and Compaq Portable 286 computer
used to collect and record pH and temperature data. P801-D-81367
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Figure 8. - Phase II pilot-scale oxidation at midpoint conditions. 
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Figure 9. - Phase I bench-scale oxidation at midpoint conditions. 
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Figure 10. - Temperature variation at midpoint conditions. 
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Figure 11. - Variation in pH at midpoint conditions. 
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(c) Phase I test 14; phase II test 1-7 (high peroxide) 
16.65 mmol/L CH,O, 166.5 mmol/L H,O,, 25 'C. 

TIME (nln) 

(b) Phase I test 19; phase II test l-3 (high formaldehyde) 
31.64 mmol/L CH,O, 189.8 mmol/L HaOa, 25 ‘C. 

TIME (mln) 

(d) Phase I test 16; phase II test l-10 (high temperature) 
16.65 mmol/L CH,O, 99.90 mmol/L H,O,, 31 .O ‘C. 

Figure 12. - Comparison of phase I bench-scale and phase II pilot-scale oxidation results at selected test condiiions. 
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Figure 13. - Oxidation wiih varying CH,O concentration at 3-times stoichiometric H202 (Fe/CH,O = 0.2). 
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Figure 14. - Oxidation with varying H,O, concentration at 16.65 mmol/L CH,O (Fe/CH,O = 0.2). 
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Figure 15. - Effects of initial temperature on oxidation at midpoint conditions. 
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(d) TDS = 300 mg/L; pii adjusted before catalyst addition; 
pH before/after catalyst addition: 2.7112.43. 

Figure 16. - Effects of background TDS equivalent to Yuma service water compared with deionized water. 
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(b) TDS = 3DW mg/L; no pH adjustment; pH before/after 
catalyst addition: 9.1 l/2.62. 
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(c) TDS = 3DOD mg/L; pH adjusted prior to catalyst addition; 
pH before/after catalyst addition: 4&l/2.73. 
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(d) TDS = 3DOD mg/L; pH adjusted before catalyst addition; 
pH before/after catalyst addition: 2.63/2.42. 

Figure 17. g Effects of badcground TDS equivalent to 10 times the concentration of Yurna service water compared with deionized 
water. 
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(a) Stirring power input of 0.0005 W/L. 
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(b) Stirring power input of 0.005 W/L. 
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(c) Stirring power input of 0.05 W/L. 

Figure 18. - Effects of stirring power input on oxidation at midpoint conditions. 
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(b) 1 Sminute H,02 metering. (d) USminute H,O, metering. 

Figure lg. - Effects of metering 3-times stoichiometric H,O, compared with batch addition. 

35 



28 
2 16 
\ 16 
j 14 
2 12 

8 10 
8 6 
0’ 6 
8 4 

2 

cH20 
cH202 

v-m--- 

TIME (mln) 

(a) l&h H,O, addition. 

20 

e 16 
i 16 

1 14 

” 12 

8 10 
8 6 

6 
6 

s: 
4 

2 
0 

TIME Cmln) 

(c) 30-minute H202 metering. 
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(b) 15-minute H,O, metering. (d) W-minute H,O, metering. 

Figure 20. - Effects of metering 2-times stoichiometric H202 compared with batch addition. 
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(b) Forrnate concentration versus initial pH. 

Figure 21. - Effect of starting pH on the reaction. 
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Figure 22. - Series first-order reaction representing the oxidation of formaldehyde (A) to formic 
acid (6). At constant temperature (25 ‘C), pH (approx. 3.3), ferric chloride concentration 
(3.33 mmol/L), and hydrogen peroxide concentration (99.90 mmol/L) with rate coefficients 
estimated from phase I tests. 
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Figure 23. - Sixteen-parameter model predictions compared with test data for selected isothermal test conditions. 
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Figure 24. - Dependence of reaction rate on pH as estimated by the de-parameter model. 
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Figure 25. - Sixteen-parameter model predictions compared with test data for the phase I 
bench-scale and phase II pilot-scale (adiabatic) midpoint test conditions. 
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(c) To a formic acid concentration of 0.333 mmol/L; 
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(d) To a formic acid concentration of 0.333 mmol/L; 
3.33 mmol/L Fe+s. 

Figure 26. - Total reaction times required to oxidize formaldehyde storage solutions to a formic acid concentration of 
0.033 mmol/L (1.5 mg/L) and 0.333 mmol/L (15 mg/L) as predicted by the 16-parameter model. 
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Figure 27. - Schematic of dynamic ion exchange experimental apparatus. 
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Figure 28. - Concentration profile for dynamic test 1. 
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Figure 29. - Concentration profile for dynamic test 2. Feed solution: 48.9 mg/L CH,O, 158 mg/L Cl, 
and 10 mg/L SO,. 
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Figure 30. - Accumulated average formaldehyde and chloride ion leakage for dynamic test 2. 
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Background 

EXPERIMENTS 

APPENDIX A 

TO VERIFY REACTION STOICHIOMETRY 

Previous work documented in Bureau publication 
REC-ERC-84-8 [l] supports the fact that formalde- 
hyde oxidizes to formic acid and then to carbon diox- 
ide gas in the ferric chloride/hydrogen peroxide 
system. Recent results show that methanol oxidizes 
to formaldehyde. Therefore, oxidation of formalde- 
hyde solutions that contain methanol as a stabilizer 
must have all three organic reactions occurring 
together. 

Although much effort has been spent on the empirical 
aspects of the reaction, the basic questions regard- 
ing what is the correct stoichiometry has remained 
unanswered. In the past, the chemical equations as- 
sumed to have described the process were as 
follows: 

CH30H + 3H202 + CO2 + 5Hz0 
CHPO + 2Hz02 __, CO1 + 3Hz0 

I;;; 

CHzOz + H202 + CO, + 2H20 (A3) 

These reactions were derived assuming that mini- 
mum hydrogen peroxide is needed to achieve the 
oxidation. However, there exists an infinite number 
of balanced reactions that could be written as 
follows: 

CH,OH + xH202 + CO, 
+ [(x-3)/210, + (x+2)H,O (A4) 

CHPO + yHz02 __+ CO2 
+ [(Y-WI02 + W 1 NW (A5) 

CHzOz + zH,O, + CO2 
+ [(z-1)/2]02 + (z+l)H,O VW 

Ideally, if equations (Al), (A2), and (A3) could be 
shown experimentally to be correct, then any addi- 
tional peroxide is wasted through decomposition to 
oxygen and water. lf more peroxide than the mini- 
mum is needed, then either additional peroxide is re- 
quired as part of the reaction mechanism or 
conditions of the experiment were such that excess 
peroxide was consumed by decomposition. 

Experimental Procedures 

Methanol. - The experimental work to validate 
equation (Al) began with twelve l-liter containers 

each filled with a liter of deionized water, followed 
by the addition of 0.81 grams of FeC&. 6H20 and 593 
microliters of methanol. This resulted in a solution 
consisting of 0.0030M FeCI,.6H,O and 0.015M 
methanol, which yielded a Fe/CH30H molar ratio of 
0.2. According to our previous work, this molar ratio 
was found to minimize peroxide loss caused by de- 
composition with formaldehyde, and is assumed to 
be the preferred ratio with methanol. The solution 
used was tagged with 14C methanol. Increasing ratios 
of peroxide to methanol were added to each bottle. 
The samples were kept loosely capped in a hood for 
48 hours at a total temperature variation of approx- 
imately 20 to 25 ‘C. Scintillation counts were then 
determined for each of the samples as shown in table 
A-l (a.1 ) and on figure A-l. These data show that 
quantitative oxidation occurs at a [H202/CH30H] ratio 
of 4, instead of the expected ratio of 3. 

Oxygen gas collected from the reaction accounted 
for the additional peroxide used. However, it is un- 
known whether the oxygen was liberated as a result 
of the oxidation of the organic species present or 
from the decomposition of peroxide, independent of 
the organic species. 

Another experiment was conducted in which for- 
mate, the known oxidation product before carbon 
dioxide production, was measured. Eight bottles 
were filled with 1 liter of deionized water, followed 
by the addition of 593 microliters of methanol and 
0.20 grams of FeCI,.6H,O. All other conditions were 
the same as in the previous test. The results of this 
experiment, shown in table A-l(a.2), again show a 
molar ratio of 4. 

Formaldehyde. - Bottles with a capacity of approx- 
imately 200 mL were filled with 100 mL of 0.015M 
formaldehyde solution, followed by the addition of 
1 mL of 8.1 -percent FeCI,. 6Hz0. Increasing ratios of 
peroxide to formaldehyde were then added to each 
bottle from a 30-percent stock solution. The samples 
were kept loosely capped in a hood for 48 hours at 
a total temperature variation of approximately 20 to 
25 “C. Table A-l (b. 1) shows the resulting measure- 
ments of formaldehyde and formate. 

Based on the assay of the stock formaldehyde, the 
solution used to generate table A-l(b.1) had 0.567 
moles of methanol. This led to the results shown in 



Table A-l . - Resutts of experiments to determine reaction stoichiometry. 

CW, CHA 
mm01 mm01 

Percent Percent Residual pH 
14C WOz HA 

remaining remaining 

(a. 1) Methanol: 
1.0 

c: 
4:o 

i:; 

~*oo 
9:o 

10.0 
11.0 
12.0 

(a.2) Methanol: 
0.0 
0.5 
1.0 

fat 
4:o 

8 

(b. 1) Formaldehyde: 
0.0 
1.0 

;-: 
4:o 

E 

(b.2) Formaldehyde: 
0.487 
1.49 
2.49 
3.49 
4.49 

(c) Formic acid: 
0.0 

.294 

.412 

.588 

.882 
1.18 
1.47 
1.76 
2.06 

1.86 0.0 
0.878 .905 

.309 1.13 

.0831 0.738 

.0119 .216 

:: :: 

0.309 
.0831 
.0119 

:: 

0.0 
1.82 
4.04 
5.48 
1 .Ol 
0.0 

:: 

1.13 
0.738 

.216 

.O 

.O 

74.0 
60.0 
22.0 

0.0 

:: 

:: 

:: 
.O 
.O 

100.0 
68.0 
58.0 
39.0 
13.0 
0.0 

:: 
.O 

ND 
ND 

E 
ND 
ND 

l!lE 

ND 
ND 
ND 
ND 

Ii: 
ND 

. 

l Not detected 
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table A-l(b.2), which assumed that 4 moles of per- 
oxide were consumed per mole of methanol. These 
data show that the quantitative oxidation of formal- 
dehyde occurs at a [H202]/[CH20] ratio of approxi- 
mately 3 in this experiment, compared with the ratio 
of 2 shown in equation (A2). 

Formic Acid. - The experimental work leading to 
the acceptance of equation (A3) began with nine l- 
liter containers each filled with a liter of deionized 
water, followed by the addition of 0.20 grams of 
FeC&.6H,O and 0.77 grams of 90-percent formic 
acid. Less than the traditional 0.2 molar ratio was 
used to slow the reaction down for more accurate 
results (if the reaction were to occur too fast there 
would be some loss of oxidant due to decomposi- 
tion). Moreover, since the formic acid and ferric chlo- 

ride both lower the solution pH, less ferric chloride 
was chosen to maintain the pH close to the other 
tests. Increasing ratios of peroxide to formic acid 
were used. The samples were loosely capped in a 
hood for 48 hours. The temperature of the solutions 
varied from approximately 20 to 25 ‘C. The results 
of this experimental procedure are shown in table 
A-l (c) and on figure A-2. These data show that quan- 
titative oxidation of formic acid occurs at a 
[H,O,]/[CH,O,] ratio of 1. 

Conclusions. - The expected molar ratios (peroxi- 
de/organic species) shown in equations (A 1) and 
(A2) were not obtained in these experiments. There- 
fore, the reactions appear to be either more complex 
than originally thought, or some peroxide is lost due 
to decomposition. 
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Figure A-l. - Percent ‘4c remaining as a function of the molar ratio of hydrogen peroxide 
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APPENDIX B 

TYPICAL DATA PRINTOUT FOR A PILOT-SCALE ADIABATIC TEST 





03/21/& 

Date Tine Scan than Chan Date Time Scan Chan 
12 13 lb 

DEG C DEG C PH PH 
---------------------------------------------------------------------------------- 

FILE Data8. FILE Oata6. 
1 GROUP 2 

First Oat 860324 First Oat 060326 
First Tim 103503 First Tim 103507 
Interval 1 Interval 1 

page I 

Date Time Scan Chan than Date Time Scan Char; 

060321 103503 1 22.6 25.1 
060324 103601 2 22.0 25.1 
060324 10370b 3 22.9 25.0 
060326 103001 4 22.0 25.0 
060321 10390b 5 23.0 25.0 
060324 IObOOb 6 23.1 25.0 
060324 104lOb 7 23.2 25.0 
06032b 101204 0 23.3 25.1 
860326 104301 9 23.b 25.1 
060321 IObbOb 10 23.b 25.1 
860324 104501 11 23.5 25.2 
060321 101603 12 23.5 25.2 
060324 104701 13 23.5 25.3 
060324 1048Ob 14 23.6 25.3 
060324 104904 15 23.6 25.b 
860324 105001 lb 23.7 25-b 
06032b 105101 17 23.7 25.b 
060324 105203 10 23.7 25.5 
06032) 105304 19 23.7 25.5 
060321 105104 20 23.7 25.5 
060324 105504 21 23.7 25.6 
060324 105bOb 22 23.0 25.6 
860324 105703 23 23.0 25.6 
060324 105004 24 23.9 25.7 
060321 105904 25 23.9 25.7 
060324 IlOOOb 26 23.9 25.7 
060324 IlOlOb 27 24.0 25.0 
060321 110204 20 24.0 25.0 
060324 110303 29 24.0 25.0 
860321 llObO4 30 2b.l 25.9 
06032b 110504 31 24.1 25.9 
06032b 110604 32 2b.l 25.9 
060324 1107Ob 33 24.1 26.0 
060324 110804 31 24.1 26.0 
06032) 1109Ob 35 24.2 26.0 
060324 111004 36 2b.2 26.1 
06032b 111104 37 24.2 26.1 
060321 1112Ob 30 21.2 26.1 
SO324 111304 39 24.2 26.1 
060321 lllb03 10 21.2 26.1 

12 13 
OEG C OEG C 

060324 

060324 
060324 
060324 
060324 
060324 
060324 

060326 
860324 
06032b 
060324 
060322 
060324 
060324 
060321 
860324 
060326 
06032b 
060321 
060321 
060324 
060324 
060324 
060321 
060324 
06032b 
060324 
060321 
060324 
060321 
860324 
060324 
060324 
060324 
860324 
060324 
860324 
W32b 

103507 1 -0.1411 4.62 
103607, 2 -0.lbO5 4.63 
103707 3 -0.1401 4.63 
103007 4 -0.2612 2.53 
103906 5 -0.2596 2.61 
lObOO 6 -0.2603 2.6C 
101107 7 -0.2619 2.57 
104207 0 -0.2623 2.57 
102307 9 -0.2620 2.56 
lOb407 IO -0.2631 2.55 
104506 11 -0.2627 2.56 
101606 12 -0.2611 2.59 
101707 13 -0.2636 2.55 
101807 14 -0.2630 2.54 
101907 15 -0.2M3 2.54 
105006 16 -0.2M5 2.53 
105106 17 -0.2610 2.53 
105206 10 -0.2650 2.53 
105307 19 -0.2652 2.53 
105407 20 -0.2643 2.51 
IO5506 21 -0.2652 2.53 
105606 22 -0.2656 2.52 
105706 23 -0.2650 2.52 
105007 24 -0.2660 2.51 
105907 25 -0.2662 2.51 
110007 26 -0.2659 2.52 
110106 27 -0.2663 2.51 
110206 20 -0.2&b 2.51 
110306 29 -0.2660 2.50 
llObO7 30 -0 a2670 2.50 
110507 31 -0.2671 2.50 
110607 32 -0.2672 2.50 
110706 33 -0.2670 2.50 
110006 34 -0.267b 2.50 
110907 35 -0.2677 2.b9 
111007 3b -0.2670 2.19 
111107 37 -0.2679 2.49 
111207 30 -0.2600 2.49 
111306 39 -0.2664 2.51 
lllbO6 b0 -0.2601 2.b9 

lb 
PH PH 
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03i2bl06 

Date Time Scan Chan Chan Date Tire Scan Chan 
12 13 

OEG C DEG C 
060324 lllSC4 41 24.2 26.2 960324 111507 
860324 111606 b2 24.2 26.2 960324 111607 
960324 111704 43 24.1 26.2 960324 111707 
960324 111904 44 24.1 26.3 960324 111907 
960324 111904 b5 24.2 26.3 960324 111906 
960324 112003 46 24.2 26.3 960324 112006 
860324 112104 47 24.2 26.4 960324 112107 
960324 112204 49 24.2 26.4 960324 112207 
960324 112304 49 24.3 26.4 960324 112306 
960326 112404 50 25.3 26.5 960324 112406 
960324 112503 51 24.3 26.5 060324 112506 
060324 112604 52 24.3 26.5 960324 112607 
860324 112704 53 24.3 26.6 960324 112707 
960324 112804 54 24.3 26.6 860324 112907 
960324 112904 55 24.4 26.6 960324 112906 
060324 113004 56 24.4 26.7 960324 113006 
060324 113103 57 24.4 26.7 060324 113!06 
060324 113204 59 24.4 26.7 960324 113207 
960324 113304 59 24.4 26.9 960324 113307 
96032b 113404 60 24.5 26.9 960324 113bO7 
860324 113504 61 24.5 26.9 960324 113506 
060324 113603 62 24.5 26.9 960324 li3hOb 
960324 113704 43 24.5 26.9 960324 113707 
960324 113904 bb 24.5 27.0 960324 113907 
960324 113954 65 24.5 27.0 960324 113907 
860324 1lbOUb 66 24.5 27.0 960324 114007 
860324 11blOb 67 24.5 27.1 960321 111106 
060324 llb203 69 24.6 27.1 060324 114206 
960324 114304 69 26.5 27.2 060324 114307 
960324 114404 70 24.6 27.2 060324 114407 
960324 114504 71 24.5 27.3 960324 114507 
960324 114606 72 24.6 27.3 060324 111607 
960324 114704 73 24.6 27.4 9bO324 114706 
960324 114804 74 24.6 27.5 860324 114907 
860324 114901 75 24.6 27.5 96032b 114907 
960324 115004 76 24.6 27 .b 960324 115007 
960324 115104 77 24.6 27.6 960324 115106 
960324 115204 70 24.7 27.1 060324 115206 
860324 115303 79 24.7 27.9 960324 115306 
860324 115404 90 24.7 27.0 940324 115407 
96032b 115504 01 24.7 27.9 060324 115507 
060324 115604 02 24.7 29.0 960324 115607 
960324 115704 03 24.7 29.0 960324 115706 
960324 115901 94 24.7 29.1 060326 115906 
060324 115903 95 24.7 29.1 960324 115906 
960324 120004 96 24.7 29.2 960324 120007 
960324 120504 87 24.7 29.3 060324 120107 
9603fb 120204 09 24.7 29.3 960324 120207 
960324 120304 99 24.7 29.4 960321 120306 
960324 120403 90 24.7 20.4 060324 120106 
960324 120504 91 24.7 29.4 960324 120507 
960324 120604 92 24.7 29.4 960324 120607 
960324 120701 93 24.7 29.5 960324 120707 

14 
PH 

61 -0.2652 
42 -0.2679 
b3 -0.269b 
41 -0.2685 
45 -0.2696 
16 -0.2696 
47 -0.2687 
b9 -0 a.2699 
49 -0.2691 
50 -0.269C 
51 -0.2691 
52 -0.2691 
53 -0.2692 
51 -0.2692 
55 -0.2691 
56 -0.2690 
57 -o.zt-:‘ 
59 -0.2699 
59 -0.2691 
60 -0.2691 
61 -0.2691 
62 -0 a2607 
63 -0.2676 
64 -0.2699 
65 -0.2609 
66 -0.2609 
67 -0.2696 
69 -0.2601 
69 -0.2675 
70 -0.2693 
71 -0.2692 
72 -0.2690 
73 -0.2677 
74 -0.2673 
75 -0.2672 
76 -0.2673 
77 -0.2670 
79 -0.2667 
79 -0.2664 
90 -0.2659 
01 -0.2652 
92 -0.2654 
83 -0.2650 
94 -0.2645 
95 -0.2640 
96 -0.2631 
97 -0.2627 
99 -0.2624 
09 -0.2610 
90 -0.2614 
91 -0.2612 
92 -0.2607 
93 -0.2604 

page 2 

PH 
2.53 
2.49 
2.b9 
2.b9 
2.b9 
2.49 
2.40 
2.49 
2.47 
2.40 
2.47 
2.47 
2.41 
2.47 
2.19 
2.19 
2.51 
2.49 
2.49 
2.b9 
2.49 
2.b9 
2.50 
2.b9 
2.b9 
2.49 
2.49 
2.50 
2.51 
2.50 
2.50 
2.5! 
2.51 
2.52 
2.52 
2.52 
2.53 
2.53 
2.54 
2.55 
2.56 
2.56 
2.57 
2.57 
2.50 
2.60 
2.61 
2.61 
2.62 
2.63 
2.61 
2.61 
2.65 
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03/24/0b 

Date Time Scan Chan Chan Date Tire Scan Chan 

860324 120004 94 24.0 
860324 120904 95 24.7 
860324 121003 96 24.0 
0bO324 121104 97 24.0 
060324 121204 90 24.0 
060324 121304 99 24.0 
060324 121404 100 24.0 
860324 121504 101 24.0 
860324 121604 102 24.0 
860324 121704 103 24.0 
860324 121004 104 24.0 
0bO324 121904 105 24.9 
860324 122004 106 24.0 
860324 122103 107 24.0 
860324 122204 100 24.0 
860324 122304 109 24.0 
860324 122404 110 24.0 
060324 122504 111 24.9 
860324 122604 112 24.9 
860324 122703 113 24.9 
860324 122004 114 24.9 
060324 122904 115 24.9 
860324 123004 116 24.9 
860324 123104 117 24.9 
0bO324 123203 110 24.0 
860324 123304 119 24.0 
860324 123404 120 24.7 
860324 123504 121 24.6 
860324 123604 122 24.6 
860324 123704 123 24.5 
860324 123003 124 24.5 
860324 123904 125 24.4 
860324 124004 126 24.4 
860324 124104 127 24.4 
860324 124204 120 24.4 
0bO324 124304 129 24.4 
860324 124404 130 24.3 
060324 124504 131 24.3 
060324 124604 132 24.2 
860324 124704 133 24.2 
060324 124004 134 24.2 
860324 124903 135 24.2 
860324 125004 136 24.2 
060324 125104 137 24.2 
860324 125204 130 24.2 
860324 125304 139 24.1 
060324 125404 140 24.1 
060324 125504 141 24.2 
860324 125604 142 24.2 
860324 125704 143 24.1 
860324 125004 144 24.1 
0bO324 125904 145 24.2 
860324 130003 146 24.1 

12 13 
DEG C DEG C 

860324 
0bO324 
060324 
060324 
860324 
0bO32b 
860324 
860324 
860324 
860324 
060324 
0bO324 
0bO32b 
0bO324 
0bO324 
860324 

20.5 
20.5 
20.5 
20.6 
20.6 
20.5 
20.6 
20.6 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.4 
20.3 
20.3 
20.3 
20.3 
20.3 
20.3 
20.3 
20.3 
20.3 
20.3 
20.2 
20.2 
20.2 
20.2 
20.2 
20.2 
20.1 

860324 
860324 
0bO32b 
0bO324 
0bO32b 
0bO324 
060326 
0bO324 
0bO324 
060324 

06032b 
0bO324 
860324 
060324 
0bO324 
0bO324 
060324 
060324 

0bO32b 

06032b 
06032b 
860324 

860324 
06032b 
860324 
0bO324 
860324 
06032b 
060324 
060324 
060324 

120007 
120906 
121006 
121107 
121207 
121307 
121407 
121506 
121607 
121707 
121007 
121906 
122006 
122106 
122207 
122307 
122407 
122506 
122606 
122706 
122007 
122907 
123007 
123106 
123206 
123307 
123407 
123507 
123607 
123706 
123006 
123907 
124007 
12blO7 
121206 
12b306 
124407 
121507 
12bbO7 
121706 
124006 
121906 
125007 
125107 
125207 
125306 
125406 
125507 
125607 
125707 
125807 
125906 
130006 

lb 
PH 

94 -0.2602 
95 -0.2600 
96 -0.2599 
97 -0.2596 
90 -0.2596 
99 -0.2596 

100 -0.2592 
101 -0.2593 
102 -0.2591 
103 -0.2590 
104 -0.2586 
105 -0.2570 
106 -0.2588 
107 -0.2500 
100 -0.2500 
109 -0.2587 
110 -0.2505 
111 -0.2500 
112 -0.2504 
113 -0.2504 
111 -0.2503 
11s -0.2502 
116 -0.2502 
117 -0.2503 
110 -0.2503 
119 -0.2505 
120 -0.2505 
121 -0.2505 
122 -0.2502 
123 -0.2501 
124 -0.2504 
12s -0.2583 
126 -0.2583 
127 -0.2581 
120 -0.2592 
129 -0.2573 
130 -0.2501 
131 -0.2502 
132 -0.2501 
133 -0.2501 
131 -0.2500 
135 -0.2571 
136 -0.2570 
137 -0.2500 
130 -0.2570 
139 -0.2570 
140 -0.2577 
141 -0.2577 
142 -0.2577 
143 -0.2579 
144 -0.2579 
145 -0.2570 
146 -0.2570 

page 3 

PH 
2.65 
2.66 
2.66 
2.66 
2.66 
2.67 
2.67 
2.67 
2.67 
2.67 
2.68 
2.69 
2.68 
2.68 
2.68 
2.b0 
2.68 
2.69 
2.68 
2.68 
2.68 
2.68 
2.69 
2.68 
2.68 
2.68 
2.68 
2.68 
2.69 
2.69 
2.68 
2.68 
2.68 
2.68 
2.68 
2.70 
2.69 
2.68 
2.69 
2.b0 
2.69 
2.70 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
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O3/24/06 

Date Time Scan than Chan Date Time Scan Chan 

860324 130104 lb7 24.2 28.1 
8bO324 130204 148 21.2 28.1 
0bO32b 130305 149 24.1 28.1 
060324 130401 150 24.1 28.0 
860324 130501 151 26.1 28.0 
0bO324 130603 152 24.1 28.0 
860324 1307Ob 153 24.1 28.0 
860324 130804 15b 24.1 28.0 
860321 130904 155 24.1 27.9 
860324 131006 156 24.1 27.9 
860324 131103 157 24.1 27.9 
060324 131204 150 24.1 27.9 
860324 131304 159 24.1 27.9 
660324 131604 lb0 21.1 27.9 
860324 131504 lb1 2b.1 27.0~ 
060324 131604 lb2 24.1 27.0 
0bO32b 131703 163 24.1 27.0 
060324 131804 164 24.1 27.0 
860324 131906 lb5 24.1 27.0 
860324 132004 166 24.0 27.0 
860324 132104 lb7 24.0 27.7 
860324 132206 lb0 2b.0 27.7 
860324 132304 lb9 24.0 27.7 
860326 132bOb 170 23.9 27.7 
0bO32b 132504 171 26.0 27.7 
060324 132604 172 24.0 27.7 
860324 132701 173 24.0 27.7 
060324 132803 171 24.1 27.7 
860324 132904 175 24.1 27.6 
860324 133OOb 176 24.2 27.6 
860324 133104 177 26.2 27.6 
0bO32b 133201 170 24.3 27.6 
860324 133304 179 24.3 27.5 
860324 133403 180 24.4 27.5 
860324 133504 181 24.4 27.5 
060324 133601 182 24-b 27.5 
860324 133704 183 24.5 27.6 
dbO324 133004 18b 24.5 27.4 
0bO32b 133903 185 24.5 27.4 
060324 134004 Mb 24.5 27.4 
860324 134104 107 2b.5 27.4 
060324 134201 1M 24.6 27.4 
0bO32b 134304 189 24.6 27.4 
060324 13b4Ob 190 24.6 27.3 
860324 13b503 191 24.6 27.3 
860324 134604 192 2b.b 27.3 
860324 134704 193 2b.b 27.3 
660321 134804 194 21.6 27.3 
860324 134904 1% 24.6 27.3 
0bO32b 135001 196 24.7 27.2 
860324 135104 197 24.7 27.2 
860324 135204 198 24.7 27.2 
860324 1353Ob 199 2b.7 27.2 

!2 13 
OEG C OEG C 

060326 
8bO324 
860324 
860324 
060324 
0bO32b 
860324 
060324 
060324 
860324 
860324 
060324 
860324 
860321 
860324 

060326 
8bO324 
060321 
0bO324 
86032) 
860321 
0bO32b 
860321 
0bO32b 

060324 
0bO324 
060324 
860324 
0b0324 
0bO324 
860324 
8bO324 
060324 
0bO32b 
860324 
060324 
060324 
0bO324 
060324 
860324 
060324 
860324 
860324 
860324 
860324 
8bO324 
860324 
0bO324 
860324 
0bO32b 
060324 

130107 
130207 
130307 
130407 
130506 
130606 
130707 
130807 
130907 
131006 
131106 
131207 
131307 
131407 
131506 
131606 
131706 
131807 
131907 
132007 
132106 
132206 
132307 
132407 
132507 
132607 
132706 
132006 
132907 
133007 
133107 
133207 
133306 
133406 
133507 
133607 
193706 
133006 
133906 
13bOO7 
134107 
131207 
134306 
134106 
1345Ob 
134607 
134707 
134007 
134906 
135006 
135107 
135207 
135307 

14 
PH 

147 -0.2570 
140 -0 -2575 
149 -0.2576 
150 -0.2577 
151 -0.2576 
152 -0.2576 
153 -0.2570 
154 -0.2577 
155 -0.2577 
156 -0.2577 
157 -0.2570 
158 -0.2577 
159 -0.2577 
lb0 -0 -2578 
161 -0.2577 
lb2 -0.2577 
lb3 -0.2555 
lb4 -0.2575 
165 -0.2571 
ibb -0.2575 
lb7 -0.2576 
lb8 -0.2574 
lb9 -0.2573 
170 -0.2574 
171 -0.2569 
172 -0.2572 
173 -0.2572 
174 -0.2572 
175 -0.2556 
176 -0.25b9 
177 -0.2571 
170 -0.2572 
179 -0.2572 
100 -0.2575 
101 -0.2561 
102 -0 a2574 
103 -0.2566 
101 -0.2573 
185 -0.2573 
106 -0.2573 
107 -0.2561 
100 -0.2571 
189 -0.2571 
190 -0.2572 
191 -0.2573 
192 -0.2573 
193 -0.2557 
194 -0.2570 
195 -0.2573 
196 -0.2573 
197 -0.2572 
190 -0.2572 
199 -0.2564 
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PH 
2.70 
2.69 
2.69 
2.69 
2.69 
2.69 
2.70 
2.69 
2.69 
2.69 
2.60 
2.69 
2.60 
2.60 
2.60 
2.68 
2.72 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
2.69 
2.70 
2.69 
2.69 
2.69 
2.72 
2.69 
2.69 
2.69 
2.69 
2.68 
2.71 
2.68 
2.70 
2.69 
2.69 
2.60 
2.71 
2.69 
2.69 
2.69 
2.60 
2.b0 
2.71 
2.69 
2.60 
2.68 
2.60 
2.60 
2.70 
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03/26/06 Page 5 

Date Tile Scan Chan Chan Date Tine Scan than 
12 13 lb 

OEG C DEG C PH 

06032) 135404 200 24.0 27.2 060326 135407 200 -0.2571 
860324 135501 201 2b.0 27.2 060324 135506 201 -0.2572 
06032b 135603 202 24.0 27.2 860324 135606 202 -0.2572 
660324 135701 203 21.0 27.1 860321 135707 203 -0.2573 
860321 135804 204 2b.0 27.1 060324 1351307 204 -0.2573 
86032b 135906 205 21.0 27.1 860321 135907 205 -0.2513 
06032) lb0004 206 2b.0 27.1 060325 140007 206 -0.2569 

PH 
2.69 
2.60 
2.60 
2.68 
2.68 
2.73 
2.69 
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APPENDIX C 

PHASE II ISOTHERMAL TEST DATA 





SAMPLE TIME 

NUMBER min 
P" TEMP 

deg C 

Fe Ii202 CH30H CH20 CH202 TEST CONDITIONS 

mnolar value 

mnolar 

0011 0.0 3.01 35.0 1.020 10.3000 

0012 3.2 3.00 35.0 9.5400 

0013 8.0 2.99 35.0 9.5300 

0014 16.0 3.08 35.0 9.2700 

0015 78.0 3.06 35.3 7.8100 

0016 383.0 3.03 35.3 4.1000 

0021 0.0 3.03 15.8 1.060 10.3000 

0022 20.4 3.06 15.8 9.8500 

0023 51.0 3.06 15.8 9.4400 

0024 101.9 3.05 15.6 9.0300 

0025 499.0 2.98 15.6 4.6600 

0026 2558.0 2.88 15.6 0.2680 

0031 0.0 2.47 34.7 1.150 10.3000 

0032 3.2 2.47 34.7 10.3000 

0033 8.0 2.47 34.7 9.6500 

0034 16.0 2.41 34.7 9.0600 

0035 78.0 2.47 34.9 4.0700 

0036 399.0 2.50 35.2 0.0000 

0041 0.0 2.34 14.9 0.990 10.3000 

0042 20.4 2.33 14.9 9.9000 

0043 51.0 2.34 15.0 9.6000 

0044 105.0 2.36 15.0 9.5600 

0045 502.0 2.35 15.6 7.5200 

0046 2528.0 2.35 16.0 0.7700 

0051 0.0 2.78 24.6 2.580 34.3000 

0052 2.7 2.79 24.6 31.7000 

0053 6.7 2.78 24.6 31.7000 

0054 13.4 2.78 24.7 27.1000 

0055 65.0 2.77 24.7 3.8300 

0056 326.0 2.83 24.7 0.0000 

0061 0.0 2.78 25.0 2.780 3.4300 

0062 59.7 2.73 25.2 1.6400 

0063 149.3 2.68 25.1 0.6600 

0064 298.7 2.62 25.0 0.0000 

0065 1453.6 2.49 25.0 0.0000 

0066 7268.0 2.41 25.0 0.0000 

0071 0.0 2.77 24.9 0.230 34.3000 

0072 2.7 2.78 24.9 32.5000 

0073 6.7 2.79 24.9 32.5000 

0074 13.4 2.80 25.0 32.5000 

0075 65.0 2.81 25.0 31.3000 

0076 324.8 2.79 24.9 21.1000 

0081 0.0 2.74 25.1 0.390 3.4300 

0082 59.7 2.73 25.4 3.4400 

0083 149.3 2.77 25.5 3.2900 

0084 298.7 2.76 25.5 2.7800 

0085 1453.6 2.73 25.3 0.7600 

0086 7407.0 2.55 25.2 0.0000 

error 

mnoler 

0.250 

nrnolar 

0.2900 

value 
Insolar 

error 

mnolar 

0.0679 

value 
srsolar 

error 

nssolar 

0.0457 1.8700 

1.8000 

1.6900 

1.5800 

1.1700 

0.7180 

1.9600 

1.7800 

1.5900 

1.3300 

-9.9900 

0.0210 

1.8000 

1.8100 

1.6700 

1.4300 

0.4370 

0.1070 

1.8300 

1.8100 

1.7500 

1.7400 

1.1200 

0.2700 

1.8600 

1.5700 

1.3000 

0.7700 

0.0000 

0.0000 

1.7200 

1.1000 

0.6700 

0.8400 

0.9000 

0.8200 

1.6600 

0.8540 

0.5950 

0.3740 

-9.9900 

0.1180 

2.0300 

1.9400 

1.7900 

1.6100 

0.8230 

-9.9900 

0.0786 

0.1630 

0.2580 

0.3730 

0.7370 

0.9990 

0.0667 

0.2480 

0.4530 

0.6720 

0.0000 

0.0000 

0.0689 

0.1970 

0.3570 

0.5750 

1.3600 

1 .OlOO 

0.1380 

0.1970 

0.2920 

0.306D 

0.9950 

1.3910 

0.1830 

0.5830 

0.9080 

1.2200 

0.0260 

0.0000 

0.3020 

0.8310 

0.7980 

0.9810 

1.0270 

1.0230 

0.0000 

0.0285 

0.0762 

0.1190 

0.6520 

0.9730 

0.0000 

0.1390 

0.3230 

0.5960 

1.2100 

-9.9900 

EXCESS PEROXIDE 

High pH 

High temperature 

0.250 0.2900 0.0685 0.0461 EXCESS PEROXIDE 

High pH 

Lou temperature 

0.250 0.2900 0.0689 0.0464 EXCESS PEROXIDE 

Low pH 

High temperature 

0.250 0.2900 0.0694 0.0467 EXCESS PEROXIDE 

Lou pH 

Low temperature 

0.250 0.2900 0.0686 0.0462 EXCESS PEROXIDE 

High catalyst 

High peroxide 

0.250 0.2900 0.0683 0.0460 EXCESS FORMALDEHY 

High catalyst 
Lou peroxide 

0.0674 0.0454 EXCESS PEROXIDE 

Low catalyst 
High peroxide 

0.250 0.2900 

0.250 0.2900 0.0684 0.0461 EXCESS FORMALDEHY 

Low catalyst 

Low peroxode 
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SAMPLE TIME 
NUMBER min 

PH TEMP 

deg C 

Fe H202 CH30H CH20 CH202 TEST CONDITIONS 

mlar value 

molar 

0091 0.0 2.74 35.2 1.140 10.3000 

0092 2.5 2.73 35.2 8.8300 

0093 6.1 2.73 35.2 8.6800 

0094 12.2 2.73 35.2 8.0500 

0095 59.5 2.69 35.5 4.0800 

0096 297.2 2.66 35.5 0.2590 

0101 0.0 2.86 35.0 0.860 10.3000 

0102 24.4 2.89 35.2 8.9800 

0103 61.1 2.91 34.5 7.6300 

0104 122.2 2.83 35.0 6.0100 

0105 594.5 2.87 35.1 1.5600 

0106 2972.3 3.05 35.6 0.0000 

0111 0.0 2.75 15.5 1.060 10.3000 

0112 15.6 2.79 15.4 9.0800 

0113 39.5 2.81 15.3 8.8400 

0114 77.7 2.82 15.3 8.5300 

0115 380.0 2.81 15.4 5.7400 

0116 1728.0 2.71 16.5 0.5220 

0121 0.0 2.75 15.4 1.11 10.3000 

0122 155.4 2.89 15.1 3.1400 

0123 412.0 2.89 15.2 1.4000 

0124 777.1 2.89 15.2 0.6600 

0125 3782.0 2.68 17.9 0.0000 

0126 18910.0 -9.99 -9.9 -9.9900 

0131 0.0 2.99 25.7 3.220 10.3000 

0132 7.8 2.94 25.6 9.3500 

0133 19.6 2.91 25.5 8.4100 

Cl34 39.2 2.90 25.5 7.3700 

0135 194.0 2.77 25.6 3.2100 

0136 961.0 2.75 25.2 0.2600 

0141 0.0 3.00 24.8 0.290 10.3000 

0142 7.8 3.00 24.8 10.1000 

0143 19.6 3.00 24.8 9.8600 

0144 39.2 3.00 24.9 9.7700 

0145 193.0 2.96 25.1 7.5600 

0146 1248.0 2.94 24.9 0.4250 

0151 0.0 2.50 25.4 3.095 10.3000 

0152 7.8 2.50 25.4 9.2300 

0153 19.6 2.49 25.5 8.1200 

0154 39.2 2.48 25.5 6.3200 

0155 191.0 2.57 25.8 0.8000 

0156 953.3 2.57 25.5 0.0000 

0161 0.0 2.51 24.5 0.188 10.3000 

0162 7.8 2.53 24.5 9.9500 

0163 19.6 2.54 24.5 9.7600 

0164 39.2 2.52 24.5 9.7300 

0165 190.7 2.53 24.6 8.8400 

0166 1037.0 2.54 24.5 2.7900 

error molar value 

molar molar 

0.250 2.9500 19.8000 

22.3000 

19.9000 

-9.9900 

14.6000 

8.9800 

0.250 

0.250 2.9500 19.5000 

18.0300 

19.1500 

18.5800 

15.0500 

15.1900 

0.250 

0.250 0.2900 1.7600 

1.4800 

1.2600 

1.0000 

0.4550 

0.2070 

0.250 0.2900 2.2000 

2.1900 

2.1200 

2.0200 

1.1600 

0.0650 

0.250 0.2900 1.8300 

1.3100 

1.3600 

1.0300 

0.3280 

0.2630 

0.250 0.2900 1.9300 

1.8500 

1.5000 

1.3600 

1.3600 

0.1480 

error 

molar 

0.6656 

0.7032 

0.0684 

0.0696 

0.0664 

0.0688 

value 

molar 

0.0000 

0.5540 

1.4300 

-9.9900 

5.0300 

5.4100 

0.0000 

0.0000 

0.4920 

1.1000 

3.9600 

9.5740 

0.2180 

0.4820 

0.6860 

0.8440 

1.0100 

0.7920 

0.0000 

0.0780 

0.1760 

0.3590 

1.1800 

0.0000 

0.2990 

0.5270 

0.8390 

1.1200 

1.2200 

1.0500 

0.0000 

0.0406 

0.1090 

0.7410 

0.7300 

1.2100 

error 

nmolar 

0.4482 

0.4736 

0.0461 

0.0469 

0.0448 

0.0463 

EXCESS FORMALDEHY 

High temperature 

High formsldehyde 

ZERO ORGANIC 

High temperature 

Zero formaldehyde 

EXCESS FDRMALDEHY 

Low temperature 

High formaldehyde 

ZERO ORGANIC 

Lou temperature 

Zero formaldehyde 

EXCESS PEROXIDE 

High pH 

High catalyst 

EXCESS PEROXIDE 

High pH 

Low catalyst 

EXCESS PEROXIDE 

Lou pH 

High catalyst 

EXCESS PEROXIDE 

Lou pH 

Low catalyst 
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SAMPLE TIME 

NUMBER min 
PH TEMP Fe II202 CH30H CH20 CH202 TEST CONDITIONS 

deg C nnwlar value 

nmolar 

0171 0.0 2.75 25.1 1.100 34.3000 

0172 6.0 2.80 25.1 25.8000 

0173 14.9 2.82 25.2 24.8000 

0174 29.9 2.82 25.2 23.8000 

0175 145.4 2.75 25.5 15.8000 

0176 681.0 2.69 25.7 2.2900 

0181 0.0 2.76 25.0 1.030 34.3000 

0182 59.7 2.75 25.5 14.7000 

0183 149.3 2.73 25.5 4.6900 

0184 308.0 2.74 25.6 1.2200 

0185 1453.6 2.71 25.3 0.0000 

0186 7268.0 -9.99 -9.9 -9.9900 

0191 0.0 2.76 24.6 1.160 3.4300 

0192 6.0 2.80 24.6 3.2000 

0193 14.9 2.83 24.6 2.9300 

0194 29.9 2.85 24.8 2.7800 

0195 145.4 2.83 25.0 1.5300 

0196 733.0 2.84 25.1 0.0000 

0201 0.0 2.74 25.5 0.851 3.4300 

0202 59.7 2.75 25.6 2.7400 

0203 149.3 2.81 25.6 1.8400 

0204 298.7 2.81 25.6 1.1300 

0205 1453.6 2.80 25.5 0.1400 

0206 7295.0 2.71 25.1 0.0000 

0211 0.0 2.73 25.2 0.859 10.3000 

0212 7.8 2.74 25.2 9.9700 

0213 19.6 2.73 25.2 9.7000 

0214 39.2 2.73 25.2 9.1000 

0215 190.7 2.68 25.8 3.8900 

0216 1045.0 2.69 25.5 0.0000 

0221 0.0 2.75 25.1 1.130 10.3000 

0222 7.8 2.74 25.1 9.8500 

0223 19.6 2.75 25.1 9.2900 

0224 39.2 2.74 25.1 8.6000 

0225 208.0 2.73 25.1 2.6900 

0226 1110.0 2.71 25.2 0.0000 

0231 0.0 2.75 24.8 1.070 10.3000 

0232 7.8 2.75 24.8 10.2000 

0233 19.6 2.75 24.8 9.5500 

0234 39.2 2.74 24.8 9.0900 

0235 196.0 2.77 25.1 3.2300 

0236 1250.0 2.72 25.0 0.0000 

0241 0.0 2.74 34.7 3.370 10.3000 

0242 3.2 2.73 34.8 9.6300 

0243 8.0 2.72 34.8 8.6100 

0244 16.0 2.71 34.9 7.3500 

0245 78.0 2.66 35.3 2.4700 

0246 395.0 2.60 35.4 0.0000 

error mlar value 

tmwlar nnwlar 

0.250 2.9500 20.1800 

19.7900 

18.5000 

17.3800 

11.3400 

3.8600 

0.250 

0.250 2.9500 20.0000 

-9.9900 

20.7810 

21.0750 

18.2450 

18.5100 

0.250 

0.250 0.2900 1.9800 0.0684 0.0736 0.0460 

1.9100 0.0247 

1.7900 0.4280 

1.5500 0.6920 

0.2830 1.2300 

0.0316 0.4120 

0.250 0.2900 1.7700 0.0702 0.0570 0.0473 

1.6900 0.1910 

1.5800 0.3910 

1.3400 0.6650 

0.1800 0.8330 

0.0700 0.2850 

0.250 0.2900 2.1300 0.0686 0.0564 0.0462 

2.0300 0.2320 

1.8600 0.4400 

1.6400 0.7490 

0.2500 0.9470 

0.0600 0.1990 

0.250 0.2900 1.7700 0.0686 0.3460 0.0462 

-9.9900 0.3760 

1.1600 0.8790 

0.8470 1.0400 

0.2370 0.9100 

-9.9900 0.9030 

error valw error 

bmiolar nmolar nwlar 

0.6754 0.0000 0.4548 

0.7500 

1.9300 

3.5900 

10.8200 

15.5500 

0.0678 0.0000 0.0457 

-9.9900 

0.6577 0.1930 0.4429 

0.4150 

1.6060 

2.7760 

EXCESS FORNALDEHY 

High peroxide 

High formsldehyde 

ZERO ORGANIC 

High peroxide 

Zero formsldehyde 

EXCESS FORMALDEHY 

Lou peroxide 

High formaldehyde 

ZERO ORGANIC 

Lou peroxide 

Zero formaldehyde 

EXCESS PEROXIDE 

EXCESS PEROXIDE 

EXCESS PEROXIDE 

EXCESS PEROXIDE 

High tenperature 

High catalyst 
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SAMPLE TIME 

NUMBER min 
PH TEMP 

deg C 

Fe Ii202 CH30H CH20 CH202 TEST CONDITIONS 

insolar value 

molar 

0251 0.0 2.76 34.4 0.270 10.3000 

0252 3.2 2.78 34.4 10.4000 

0253 8.0 2.79 34.4 10.2000 

0254 16.0 2.78 34.5 10.1000 

0255 80.0 2.78 34.8 8.5500 

0256 411.0 2.81 35.2 2.1800 

0261 0.0 2.75 15.9 3.110 10.3000 

0262 20.4 2.76 15.9 9.3800 

0263 51.0 2.77 15.9 8.2000 

0264 101.9 2.76 15.7 6.6300 

0265 496.1 2.73 15.7 0.9810 

0266 2558.0 2.63 15.8 0.0000 

0271 0.0 2.58 14.9 0.290 10.3000 

0272 20.4 2.58 15.0 10.5300 

0273 51.0 2.58 15.0 10.1500 

0274 101.9 2.59 15.1 9.9200 

0275 496.1 2.56 15.6 9.0900 

0276 2523.0 2.54 16.1 2.4300 

0281 0.0 3.02 25.0 1.090 34.3000 

0282 2.7 3.02 25.0 32.3000 

0283 6.7 3.02 25.0 31.7000 

0284 13.4 3.01 25.0 31.0000 

0285 65.0 2.99 25.1 26.8000 

0286 324.8 2.90 24.9 12.6000 

0291 0.0 2.97 25.4 0.913 3.4300 

0292 59.7 2.97 25.5 2.9600 

0293 149.3 2.95 25.5 2.2400 

0294 298.7 2.96 25.5 1.5400 

0295 1453.6 2.90 25.4 0.2600 

0296 7283.0 2.83 25.1 0.0000 

0301 0.0 2.54 24.6 1.013 34.3000 

0302 2.7 2.55 24.6 32.7000 

0303 6.7 2.55 24.6 32.4000 

0304 13.4 2.54 24.7 31.5000 

0305 65.0 2.56 24.8 25.1000 

0306 328.0 2.60 24.7 1.4700 

0311 0.0 2.50 25.1 1.030 3.4300 

0312 59.7 2.50 25.4 2.7100 

0313 149.3 2.46 25.5 -9.9900 

0314 299.0 2.53 25.6 1.0900 

0315 1453.6 2.44 25.3 0.0000 

0316 7268.0 2.36 25.0 0.0000 

0321 0.0 2.73 24.6 3.220 10.3000 

0322 6.0 2.76 24.7 8.6500 

0323 14.9 2.75 24.7 7.8200 

0324 29.9 2.74 24.7 7.0300 

0325 145.4 2.67 24.9 2.2900 

0326 726.8 2.62 25.1 0.0000 

error 

rmsolar 

0.250 

0.250 0.2900 

0.250 0.2900 

0.250 0.2900 

0.250 0.2900 

0.250 0.2900 

0.250 0.2900 

0.250 2.9500 

rmnclar value error 

molar mnolar 

0.2900 1.9500 

1.9000 

1.8700 

1.8500 

1.2200 

0.0754 

1.8200 

1.5800 

1.2500 

0.8140 

0.1080 

0.0776 

1.8900 

1.9000 

1.7900 

1.8500 

1.3400 

0.1400 

1.7800 

1.6900 

1.5800 

1.3900 

0.3120 

0.0185 

1.5100 

1.3900 

1.2500 

1.0800 

0.8100 

0.7720 

2.0000 

1.9700 

1.6500 

1.7100 

0.5600 

0.0000 

1.7500 

1.6700 

-9.9900 

1.1800 

0.9330 

0.8530 

19.8000 

18.4800 

19.0000 

16.6600 

13.0200 

13.6400 

0.0685 

0.0690 

0.0689 

0.0678 

0.0685 

0.0684 

0.0695 

0.0667 

0.6487 

value 

mnolar 

0.0000 

0.0393 

0.0941 

0.1880 

0.7930 

0.7390 

0.1550 

0.4580 

0.7750 

1.0200 

0.4910 

0.3310 

0.0000 

0.0520 

0.1140 

0.1880 

0.7350 

1.2080 

0.0429 

0.1710 

0.3090 

0.5150 

1.1100 

0.1420 

0.0780 

0.3180 

0.5160 

0.6800 

1.1200 

1.1200 

0.0726 

0.2150 

0.3110 

0.5430 

1.5400 

0.0840 

0.1140 

0.4030 

-9.9900 

0.9530 

1.1100 

1.0700 

0.0000 

0.9300 

1.8900 

2.9100 

5.9300 

7.7100 

error 

mnolar 

0.0462 

0.0465 

0.0464 

0.0456 

0.0461 

0.0461 

0.0468 

0.0449 

0.4369 

EXCESS PEROXIDE 

High temperature 

Lou catalyst 

EXCESS PEROXIDE 

Low temperature 

High catalyst 

EXCESS PEROXIDE 

Lou temperature 

Lou catalyst 

EXCESS PEROXIDE 

High pH 

High peroxide 

EXCESS FORMALDEHY 

High pH 

Lou peroxide 

EXCESS PEROXIDE 

Lou pH 

High peroxide 

EXCESS FORMALDEHY 

Low pH 

Lou peroxide 

EXCESS FORMALDEHY 

High catalyst 
High formaldehyde 
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SAMPLE TIME 

NUMBER lnin 
PR TEHP 

deg C 

Fe HZ02 CH30H CH20 CH202 TEST CONDITIONS 

molar value 

molar 

0331 0.0 2.76 25.0 3.130 10.3000 

0332 59.7 2.71 25.2 1.7800 

0333 149.3 2.66 25.2 0.5200 

0334 301.0 2.56 25.4 0.2700 

0335 1453.6 2.48 24.9 0.0000 

0336 7268.0 -9.99 -9.9 -9.9900 

0341 0.0 2.75 24.8 0.320 10.3000 

0342 6.0 2.74 24.7 9.0000 

0343 14.9 2.76 24.7 8.6900 

0344 29.9 2.76 24.7 8.9000 

0345 145.4 2.74 24.8 7.9200 

0346 no.0 2.75 25.2 2.4900 

0351 0.0 2.75 25.1 0.200 10.3000 

0352 59.7 2.76 25.3 9.6600 

0353 149.3 2.77 25.3 8.1400 

0354 294.0 2.73 25.4 5.6600 

0355 1453.6 2.76 24.9 0.7600 

0356 2826.0 2.75 24.9 0.0000 

0361 0.0 3.00 24.9 1.110 10.3000 

0362 6.0 3.02 24.7 8.8900 

0363 14.9 3.01 24.7 8.1800 

0364 29.9 2.99 24.7 7.9500 

0365 145.4 2.90 24.9 4.3300 

0366 726.8 2.79 25.2 0.2750 

0371 0.0 3.00 25.1 0.990 10.3000 

0372 59.7 2.99 25.2 7.3700 

0373 149.3 2.97 25.1 4.9600 

0374 298.7 2.96 25.0 2.8500 

0375 1453.6 2.88 25.0 0.2500 

0376 7268.0 2.77 24.9 0.0000 

0381 0.0 2.50 25.0 1.090 10.3000 

0382 6.0 2.50 25.0 9.4600 

0383 14.9 2.50 25.0 8.9500 

0384 29.9 2.50 25.1 8.9500 

0385 145.4 2.49 25.4 5.6100 

0386 733.0 2.45 26.2 0.4400 

0391 0.0 2.50 25.0 1.180 10.3000 

0392 59.7 2.48 25.4 5.1200 

0393 149.3 2.52 25.5 2.5500 

0394 298.7 2.52 25.5 1.4000 

0395 1453.6 2.49 25.2 0.0000 

0396 7268.0 .9.w -9.9 -9.9900 

0401 0.0 2.87 35.2 1.000 34.3000 

0402 1.1 2.87 35.2 32.6000 

0403 2.7 2.86 35.2 32.4000 

0404 5.5 2.85 35.2 31.7000 

0405 26.6 2.87 35.3 26.9000 

0406 132.8 2.86 35.3 6.6200 

error molar value error value error 

molar molar molar molar molar 

0.250 ZERO ORGANIC 

High catalyst 

Zero formaldehyde 

0.250 2.9500 22.5000 0.6885 0.0000 0.4637 EXCESS FDRMALDEHY 

21.7000 0.0000 Lou catalyst 

20.5000 0.0000 High formeldehyde 

-9.9900 -9.9900 

21.1000 0.0000 

15.2000 7.9200 

0.250 ZERO ORGANIC 

Lou catalyst 

Zero formeldehyde 

0.250 2.9500 20.1000 0.6215 0.0000 0.4185 EXCESS FDRMALDEHY 

-9.9900 -9.9900 High pH 

19.6000 -9.9900 High formeldehyde 

18.2000 -9.9900 

-9.9900 -9.9900 

11.7000 -9.9900 

0.250 ZERO ORGANIC 

High pH 

Zero formaldehyde 

0.250 2.9500 19.3900 0.6658 0.0000 0.4484 EXCESS PEROXIDE 

19.4800 0.0000 Low PH 
19.2400 0.3990 High formeklehyde 

18.7300 0.9170 

17.4700 4.4590 

15.3200 9.4250 

0.250 ZERO ORGANIC 

LOU pH 

Zero formaldehyde 

0.250 0.2900 1.8900 0.0678 0.0735 0.0457 EXCESS PEROXIDE 

1.7800 0.1790 High tenprature 

1.6900 0.3210 High peroxide 

1.2000 0.3870 

0.3480 0.6150 

0.0000 0.0249 
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SAMPLE 
NUMBER 

TIME 
min 

PH 

0411 0.0 2.88 
0412 24.4 2.85 
0413 61.1 2.91 
0414 122.2 2.86 
0415 594.5 2.85 
0416 2972.3 3.04 
0421 0.0 2.75 
0422 7.0 2.77 
0423 17.4 2.78 
0424 34.7 2.80 
0425 169.0 2.81 
0426 816.0 2.84 
0431 0.0 2.75 
0432 155.4 2.81 
0433 404.0 2.79 
0434 777.1 2.79 
0435 3782.0 2.60 
0436 18910.0 -9.99 
0441 0.0 2.75 
0442 7.8 2.76 
0443 19.6 2.76 
0444 39.2 2.76 
0445 192.0 2.76 
0446 1110.0 2.70 
0451 0.0 2.78 
0452 7.8 2.79 
0453 19.6 2.79 
0454 39.2 2.77 
0455 204.0 2.73 
0456 966.0 2.72 
0461 0.0 2.76 
0462 7.8 2.75 
0463 19.6 2.75 
0464 39.2 2.75 
0465 190.7 2.72 
0466 1040.0 2.72 
0471 0.0 3.27 
0472 7.8 3.21 
0473 19.6 3.37 
0474 39.2 3.37 
0475 196.0 3.b 
0476 947.0 3.0 
0481 0.0 

5\ 
2.25 

0482 7.8 2.26 
0483 19.6 2.25 
0484 39.2 2.25 
0485 207.0 2.30 
0486 1040.0 2.28 

TEMP 
deg C 

34.8 
35.2 
34.6 
35.0 
35.1 
35.6 
15.8 
15.8 
15.8 
15.7 
15.5 
15.6 
15.5 
15.3 
15.6 
15.5 
18.3 
-9.9 
25.2 
25.2 
25.2 
25.2 
25.4 
25.0 
25.2 
25.2 
25.2 
25.4 
25.5 
25.5 
24.9 
25.0 
25.0 
25.1 
25.3 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.2 
25.5 
25.4 
25.4 
25.4 
25.5 
25.0 

Fe 
mnolar 

0.840 

1.080 

1.220 

1.450 

1.029 

1.090 

1.150 

1.050 

H202 
value error 
nrnolar mnolar 

3.4300 0.250 
2-6900 
2.2400 
1.5800 
0.2620 
0.0000 

34.3000 0.250 
28.0000 
27.8000 
27.5000 
22.7000 

1.0900 
3.4300 0.250 
3.2100 
2.1300 
1.5800 
0.0000 

-9.9900 
10.3000 0.250 
10.0000 
9.2400 
8.4700 
2.5800 
0.0000 

10.3000 0.250 
9.8100 
9.4200 
8.5100 
2.1000 
0.0000 

10.3000 0.250 
9.7400 
9.4500 
8.7000 
3.6100 
0.2600 

10.3000 0.250 
10.6000 
10.5000 
10.2000 
9.7000 
7.6500 

10.3000 0.250 
10.5000 
10.0000 
9.6000 
5.8400 
0.3800 

CH30H 
mnolar 

0.2900 

0.2900 

0.2900 

0.2900 

0.2900 

0.2900 

0.2900 

0.2900 

CH20 
value error 
nn#lar mnolar 

1.9800 0.0683 
1.7500 
1.5500 
1.3500 

-9.9900 
0.7560 
1.8400 0.0687 
1.7500 
1.7100 
1.5000 

-9.9900 
0.0252 
1.9300 0.0682 
1.6700 
1.4100 
1.1400 
0.7310 

-9.9900 
1.9300 0.0691 
1.7900 
1.6100 
1.3300 
0.1200 
0.0200 
1.8500 0.0683 

-9.9900 
1.5100 
1.1900 
0.0960 
0.0107 
1.9700 0.0693 
1.8800 
1.6800 
1.4500 
0.2700 
0.0400 
1.7400 0.0689 
1.6900 
1.6600 
1.5800 
1.3300 
0.6890 
2.2900 0.0688 
1.9000 
1.8000 

. 
1.6800 
0.8070 
0.3000 

value error 
nmolar mnolar 

0.0694 0.0460 
0.3390 
0.5640 
0.7600 

-9.9900 
1.1200 
0.1220 0.0463 
0.1960 
0.3420 
0.5320 
0.0316 
0.0000 
0.1270 0.0459 
0.4550 
0.7250 
0.9620 
1.1000 

-9.9900 
0.0820 0.0466 
0.2280 
0.4400 
0.7300 
0.7100 
0.1790 
0.1190 0.0460 
0.2460 
0.4960 
0.7550 
0.7800 
0.2400 
0.0930 0.0467 
0.2440 
0.4190 
0.6900 
1.0840 
0.3570 
0.0584 0.0464 
0.1070 
0.1630 
0.2240 
0.5450 
1.0400 
0.0527 0.0464 
0.1420 
0.2500 
0.4060 
1.0200 
1.2900 

TEST CONDITIONS 

EXCESS FDRMALDEHY 
High tenperature 
Lou peroxide 

EXCESS PEROXIDE 
Lou temperature 
High peroxide 

EXCESS FDRMALDEHY 
Lou tenperature 
Low peroxide 

EXCESS PEROXIDE 

EXCESS PEROXIDE 

EXCESS PEROXIDE 

EXCESS PEROXIDE 
High pH 

EXCESS PEROXIDE 
Lou pH 
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SAMPLE TIME 
NUMBER min 

0491 
0492 
0493 
0494 
0495 
0496 
0501 
0502 
0503 
0504 
0505 
0506 
0511 
0512 
0513 
0514 
0515 
0516 
0521 
0522 
0523 
0524 
0525 
0526 
1011 
1012 
1013 
1014 
1015 
1016 
1021 
1022 
1023 
1024 
1025 
1026 
1031 
1032 
1033 
1034 
1035 
1036 
1041 
1042 
1043 
1044 
1045 

0.0 2.74 
7.8 2.74 

19.6 2.74 
39.2 2.74 

191.0 2.75 
1154.0 2.84 

0.0 2.71 
7.8 2.72 

19.6 2.72 
39.2 2.69 

199.0 2.80 
1090.0 2.78 

0.0 2.74 
7.8 2.75 

19.6 2.77 
39.2 2.78 

192.0 2.84 
959.0 2.82 

0.0 2.78 
7.8 2.79 

19.6 2.79 
39.2 2.77 

212.0 2.73 
968.0 2.69 

0.0 3.01 
7.8 2.99 

19.6 2.99 
39.2 2.97 

193.0 2.88 
1161.0 2.80 

0.0 2.51 
7.8 2.51 

19.6 2.52 
39.2 2.52 

201.0 2.54 
1040.0 2.52 

0.0 2.76 
3.2 2.77 
8.0 2.76 

16.0 2.75 
78.0 2.71 

412.0 2.68 
0.0 2.75 

20.4 2.76 
51.0 2.77 

101.9 2.78 
496.1 2.78 

2505.0 2.71 

PH TEHP Fe 
deg C rmmlar 

25.2 
25.1 
25.1 
25.2 
25.5 
25.5 
25.4 
25.4 
25.4 
25.4 
25.7 
25.4 

~"25.0 
9‘2$~.o 

..l 
25.0 
25.0 
24.9 
25.1 
25.2 
25.2 
25.2 
25.3 
25.4 
25.6 
25.2 
25.3 
25.3 
25.2 
25.6 
25.4 
25.4 
25.4 
25.4 
25.4 
25.5 
25.0 
34.5 
34.5 
34.5 
34.6 
35.0 
34.8 
15.3 
15.3 
15.3 
15.3 
15.5 
17.4 

1.130 

1.180 

1.150 

1.030 

1.140 

1.030 

1.130 

1.070 

HZ02 
value error 
molar molar 

10.3000 0.250 
10.1000 
9.9100 
9.7100 
6.3200 
0.0000 

10.3000 0.250 
10.5000 
10.4000 
10.2000 
8.0600 
0.6800 

10.3000 0.250 
10.1000 
10.1000 
10.1000 
9.2700 
3.7900 

10.3000 0.250 
9.8100 
9.2800 
8.4700 
1.6800 
0.0000 

10.3000 0.250 
10.2000 
10.2000 
9.9700 
7.5900 
0.6760 

10.3000 0.250 
10.6000 
10.3000 
10.2000 
8.6200 
1.3500 

10.3000 0.250 
11.0000 
10.6000 
10.4000 
8.3000 
2.0700 

10.3000 0.250 
10.5000 
10.2000 
9.9500 
9.1200 
2.0600 

CH30H 
molar 

0.2900 

0.2900 

0.2900 

0.2900 

3.3300 

3.3300 

3.3300 

3.3300 

CH20 CH202 
valw error value error 
molar molar molar molar 

2.2000 0.0691 0.0667 0.0465 
2.1740 0.1960 
2.0200 0.3420 
1.8500 0.5690 
0.8230 1.2900 
0.0520 0.2270 
1.9100 0.0684 0.1760 0.0461 
1.8700 0.2260 
1.8000 0.3240 
I.5700 0.4630 
1.0100 1.0700 
0.0150 0.2070 
1.8200 0.0666 0.8260 0.0449 
1.6900 0.7770 
1.7100 0.8350 
1.6700 0.8750 
1.2300 1.2500 
0.1890 1.2100 
1.8500 0.0686 0.1140 0.0462 
1.5400 0.2450 
1.5300 0.5010 
1.2200 0.7610 
0.1610 0.8070 
0.0543 0.4190 
0.0589 0.0686 0.1030 0.0462 
0.1290 0.1390 
0.2270 0.2000 
0.3500 0.2810 
0.8400 0.7130 
0.3070 1.0200 
0.0472 0.0688 0.0924 0.0463 
0.0684 0.1130 
0.1020 0.1230 
0.1710 0.1750 
0.5580 0.4360 
0.4990 1.4700 
0.0000 0.0684 0.0816 0.0460 
0.0472 0.0973 
0.0990 0.1270 
0.1860 0.1680 
0.5560 0.5050 
0.5140 1.2800 
0.0498 0.0687 0.1070 0.0463 

-9.9900 -9.9900 
0.0826 0.1130 
0.1330 0.1330 
0.4490 0.3650 
0.4150 1.1400 

TEST CDNOITIDXS 

EXCESS PEROXIDE + 
SALT (0.5 mot/L 
Na2SO4) 

EXCESS PEROXIDE + 
SALT (IO.0 mot/L 
Na2SO4) 

EXCESS PEROXIDE + 
SALT (200. mnol/L 
NaZSD4) 

EXCESS PEROXIDE + 
SALT (6.0 WDL/L 
NaCL 1 

EXCESS PEROXIDE 
Midpoint methanol 

High PH 

EXCESS PEROXIDE 
Midpoint mthonal 

Lou PH 

EXCESS PEROXIDE 
Midpoint methanol 
High tenperature 

EXCESS PEROXIDE 
Midpoint methanol 
Lou temperature 
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SAMPLE TIME 

NUMBER min 
PH TEMP Fe HZ02 CH30H CH20 CH202 TEST CONDITIONS 

Rmolar 

1051 0.0 2.75 25.6 3.150 10.3000 

1052 7.8 2.76 25.5 9.9500 

1053 19.6 2.77 25.5 8.8500 

1054 39.2 2.77 25.5 7.7700 

1055 217.0 2.62 25.8 2.0500 

1056 1125.0 2.44 25.2 0.0000 

1061 0.0 2.75 25.0 0.290 10.3000 

1062 7.8 2.74 25.0 IO.6600 

1063 19.6 2.74 25.0 10.3900 

1064 39.2 2.74 25.0 10.5100 

1065 191.0 2.76 25.4 10.0700 

1066 1040.0 2.72 25.2 7.0500 

1071 0.0 2.75 24.6 0.735 34.3000 

1072 2.7 2.76 24.6 33.6000 

1073 6.7 2.76 24.7 33.7000 

1074 13.4 2.77 24.7 33.3000 

1075 65.0 2.77 25.0 32.0000 

1076 324.8 2.79 25.5 13.2000 

1081 0.0 2.75 25.0 1.130 3.4300 

1082 30.0 2.77 25.2 3.6900 

1083 74.9 2.77 25.3 3.3200 

1084 149.8 2.77 25.4 2.7000 

1085 745.0 2.66 26.6 1.0300 

1086 3355.0 2.63 25.5 0.0000 

1091 0.0 2.75 25.2 2.050 10.3000 

1092 9.0 2.74 25.3 10.4000 

1093 22.5 2.73 25.3 10.2000 

1094 44.9 2.72 25.4 10.1000 

1095 218.7 2.78 25.6 8.8100 

1096 1093.5 2.70 25.3 3.3200 

1101 0.0 2.76 25.2 1.060 10.3000 

1102 7.8 2.76 25.1 10.2000 

1103 19.6 2.77 25.2 9.8500 

1104 39.2 2.77 25.2 9.7500 

1105 195.0 2.80 25.4 6.6600 

1106 1110.0 2.70 25.5 0.3860 

1111 0.0 3.24 25.4 1.190 10.3000 

1112 7.8 3.23 25.4 10.5000 

1113 19.6 3.22 25.4 9.6200 

1114 39.2 3.19 25.4 9.0300 

1115 197.0 3.25 25.7 5.0700 

1116 1087.0 3.32 25.5 0.7700 

1121 0.0 2.25 24.5 0.745 10.3000 

1122 7.8 2.25 24.5 10.1000 

1123 19.6 2.25 24.5 10.1000 

1124 39.2 2.22 24.5 9.9900 

1125 191.0 2.24 24.6 9.1800 

1126 1025.0 2.20 24.5 3.9000 

error 

mnolar 

mnolar 

0.250 3.3300 

value 

molar 

error 

mnolar 

0.0684 

value 

mnolar 

error 

mnolar 

0.0461 0.0210 

0.1690 

0.3570 

0.5350 

0.5000 

0.3860 

0.0210 

0.0330 

0.0380 

-9.9900 

0.2290 

0.7130 

0.0103 

0.0359 

0.0615 

0.1080 

0.3910 

0.0416 

0.0210 

0.0980 

0.2110 

0.4170 

0.9810 

0.7330 

0.0103 

0.0521 

0.1040 

0.1200 

0.7760 

1.8200 

0.0150 

0.0530 

0.0890 

0.1510 

-9.9900 

0.0100 

0.0000 

0.0400 

0.0753 

0.1110 

0.2860 

0.5250 

0.0103 

0.0153 

0.0416 

0.0832 

0.3220 

0.6620 

0.4420 

0.4890 

0.6130 

0.8120 

1.1840 

1.1060 

0.0000 

0.0000 

0.0000 

-9.9900 

0.0820 

0.7470 

0.0887 

0.1160 

0.1330 

0.1530 

0.4610 

0.4650 

0.1020 

0.1290 

0.1530 

0.2270 

0.6920 

1.1000 

0.1970 

0.2200 

0.2390 

0.1690 

0.6400 

2.3800 

0.0000 

0.0210 

0.0420 

0.0830 

-9.9900 

0.0000 

0.1080 

0.1420 

0.1530 

0.1390 

0.2620 

0.3530 

0.0788 

0.0887 

0.1150 

0.1000 

0.2450 

1.2000 

EXCESS PEROXIDE 

Midpoint methanol 

High catalyst 

0.250 3.3300 0.0689 0.0464 EXCESS PEROXIDE 

Midpoint methanol 

Lou catalyst 

0.250 3.3300 0.0679 0.0458 EXCESS PEROXIDE 

Midpoint methanol 

High peroxide 

0.0684 0.0462 0.250 3.3300 EXCESS METHANOL 

High methanol 

Low peroxide 

0.250 11.1080 0.0691 0.0465 EXCESS METHANOL 

High methanol 

0.0468 EXCESS PEROXIDE 

Low methanol 

0.250 1.1100 0.0696 

0.250 3.3300 0.0691 0.0465 EXCESS PEROXIDE 

Midpoint methanol 

High pH 

0.250 3.3300 0.0682 0.0459 EXCESS PEROXIDE 

Midpoint methanol 

Lou pH 
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SAMPLE TIME PH TEl4P 

N!MBER min deg C 

Fe II202 CH30H CH20 CH202 TEST CONOITIONS 

mnolar value 

nnolar 

error mnolar value 

mnolar mnolar 

error value error 

nmolar mnolar mnolar 

1131 0.0 2.74 25.1 1.120 10.3000 0.250 3.3300 0.0320 0.0693 0.0670 0.0467 EXCESS PEROXIDE 

1132 7.6 2.74 25.1 10.2400 0.0065 0.0840 Midpoint methanol 

1133 19.6 2.74 25.1 9.9500 0.1260 0.1050 

1134 39.2 2.74 25.0 9.9200 0.2190 0.1580 

1135 211.0 2.74 25.1 7.7300 0.6870 0.6130 

1136 1110.0 2.70 25.2 0.2600 0.2580 0.9930 

1141 0.0 2.79 25.6 1.100 10.3000 0.250 3.3300 0.0092 0.0676 0.1140 0.0455 EXCESS PEROXIDE 

1142 7.8 2.78 25.5 10.7000 0.0472 0.1120 Midpoint methanol 

1143 19.6 2.78 25.5 10.5000 0.1110 0.1530 

1144 39.2 2.79 25.5 10.4000 0.2000 0.2010 

1145 191.0 2.68 25.6 8.0000 0.5620 0.5750 

1146 960.0 2.67 25.2 0.2600 0.1890 0.8910 

Updated 7/16/86 UJB 
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APPENDIX D 

REGRESSION RESULTS OF PHASE II ISOTHERMAL TEST DATA 





FORMALOEHVOE OXIDATION: SIMULATION BY GEAR NUMERICAL INTEGRATION 

FARAMElER VALUES ESTIMATED FOR THE 16-PPRAMETER MOOEI: 

B( 1) = 4.0014 
I:( 2) = .5293 
I:( 3) = 1 .OODO 
fl( 4) = .8046 
I)( 5) = .6002 
L3( C) = .4706 
t-3( 7) = - .0943 
R( 8) = 10.7196 
B( 9) = .5293 
U(iO) = 1 .ooDo 
I3(11) = .a046 
l3(12) = .6002 
t3 ( 1.3 ) = 4786 
f3(14) = - 10943 
L!( 15) = 1090 
O(lG) = -6:0700 
E(l7) = 5.8695 
R(l8) = .5293 
13( 13) 7 l.oooo 
lj(20) = 8046 
B(21) = : 6002 
R(22) = 4706 
R(23) = -:0943 
B(24) - 1090 
U(25) 1 -6:0700 
E(26) = IO. 5603 
H(27) = 1.5000 
R(28) = 1.2399 
H(29) = .4390 
B(30) = 1.1993 
B(31) = -.I750 
B(32) = 1090 
B(33) - -6:0700 
R(34) = -.8810 
B(35) = -.8810 
l3(36J = - .8810 
B(37) = 1 .OOOO 
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HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
--_____________---_----------- ------------- ------------------------------ ____________________---------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMOLAR] RESIDUAL [MILLIMOLAR] [WILLIMOLAR] RESIDUAL [MILLIMOLARI RESIDUAL 

CASE OBS TIME ________--_--- -------------- ------------- -----_-------- -------------- ______________ ___________--- - -- --- 
No No [SEC1 OBS CALC (OBS-CALC)/ACC 

---- --- ------ ------ ____-_ -------------- 

TEST NO 1 INITIAL CONDITIONS: 
PH 3.01 FECLI. MMOLAR = 1.0 

T. C 1 35.0 NACL. MWOLAR .= 0.0 
NA2504. MMOLAR = 0.0 

1 1 0 10.300 
2 2 192 9.540 10.130 -2.36 
3 3 480 9.530 9.877 -1.39 
4 4 960 9.270 9.490 -.88 
5 5 4680 7.RlO 7.002 3.23 
6 6 22980 4. ID0 1.965 8.54 

TEST NO 2 INITIAL CONDITIONS: 
PH = 3.03 FECL3. MMOLAR = 1.1 

T. C = 15.8 NACL, MMOLAR = 0.0 
NA2S04. HMOLAR = 0.0 

7 1 0 IO.300 
8 2 1223 9.850 10.051 -.80 
9 3 3066 9.440 9.684 -.98 

10 4 6114 9.030 9.103 -.29 

2 Ii 12 6 5 153480 29940 4.660 .268 5.474 .545 -3.26 -1.11 

TEST NO 3 INITIAL CONDITIONS: 
PH = 2.47 FECLB. MOLAR = 1.2 

T. C = 34.7 NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

13 1 0 10.3oD 
14 2 192 10.3Dcl 9.990 1.24 
15 3 480 9.650 9.540 .44 
16 4 960 9.060 8.862 .79 
17 5 4680 4.070 4.866 -3.19 
18 6 23940 0.000 .462 -1.85 

TEST NO 4 INITIAL CONDITIONS: 
PH 2.34 

: 14.9 
FECLS. MMOLAR = 1.0 

T. C NACL. MMOLAR = 0.0 
NA2S04. MOLAR = 0.0 

19 1 0 10.300 
20 2 1223 9.900 9.997 -.39 
21 3 3060 9.600 9.545 .22 
22 4 6300 9.560 8.736 3.30 
23 5 30120 7.520 4.522 11.99 
24 6 151680 .770 -374 1.58 

CALCULATED 08s t!ALC (06~CALC)/ACC OBS CALC (OBS-CALC)/ACC 
.------------ --_--- ------ ---------v---m ------ ------ -------------- 

.290 1.870 

: 274 252 1.690 I.800 I.791 1.678 

1061 219 1.580 1.170 1.509 .612 
-.ooo .718 - .DDl 

.290 1.960 
.269 1.780 
.240 1.590 

198 
:031 

1.330 
-9.990 

-.ooo .021 

.290 I.800 

.270 1.810 

.243 1.670 

.2D6 1.430 

.050 -437 
-.oD4 .I07 

1.852 
1.701 
1.476 

* 437 
-.006 

1.704 
1.570 
1.383 

.502 

.DD4 

: 275 290 1.810 1.830 1.754 
.252 1.750 1.643 
.215 1.740 1.454 
.069 1.120 .645 
.DDl .270 . . 097 

.I3 
18 

1:05 
8.22 

10.60 

.079 
:258 163 : 272 161 

.373 .425 

.737 _ 985 

.999 .430 

.D67 
-1.05 _ 248 179 
-1.62 .453 : 324 
-2.12 .672 .518 

0.00 -9.990 1.069 
-39 -9.990 .548 

-069 
1.54 197 169 
1.45 : 357 : 299 

.68 .575 .463 
y.95 1.360 .972 
1.49 1.010 .733 

-138 
-81 197 215 

1.54 : 292 : 320 
4.12 .3D6 _ 486 
6.85 -995 -985 
2.50 1.391 .966 

.04 
-.31 

-1.13 
-5.43 
12.45 

1.50 
2.80 
3.33 
0.00 
0.00 

.60 
1.26 
2.42 
8.36 
5.98 

-.39 
-.61 

-3.85 
.21 

9.09 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
-________--------------------- ------------- ------------------------------ ------------------__---------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMOLARI RESIDUAL [MILLIMOLAR] [MILLINDLARI RESIDUAL [MILLIMOLARI RESIDUAL 

CASE OaS TIME ----_____----- -------------- ------------- -------------- -------------- -------------- ______-------- 

NO NO [SEC1 00s CALC (DES-cA~c)/Acc CALCULATED 00s 
- - - - - - - ------ ----_- ------ -------------- - .------------ ------ 

CALC (06s-~ALC)/ACC 00s 
------ -------------- ----__ 

CALC (OBS-CALC)/ACC 
------ _____-_--___-_ 

TEST NO 

25 1 0 34.300 
26 2 162 31.700 33.302 -6.41 
27 3 401 31.700 31.616 -.46 
26 4 603 27.100 29.322 -6.69 
29 5 3900 3.630 12.179 -33.40 
30 6 19560 0.000 .694 -2.77 

TEST NO 

31 1 
32 2 
33 3 
34 4 

2 35 5 
36 6 

TEST NO 

37 1 
36 2 
39 3 401 32.500 34.066 -6.26 
40 4 603 32.500 33.632 -5.33 
41 5 
42 6 

TEST NO 

43 1 
44 2 
45 3 
46 4 
47 5 
46 6 

5 INITIAL CONDITIONS: 
PH 2.76 

T. C 1 24.6 
FECLO. MMOLAR = 2.6 

NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

6 INITIAL CONDITIONS: 
PH 2.76 

T. C 1 25.0 
FECLB. MMOLAR = 2.6 

NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

0 3.430 
3562 1.640 2.198 -2.23 
6956 .660 1.162 -2.01 

17922 o.OOO .441 -1.76 
67215 0.000 .OO3 -.Ol 

436060 0.000 .ooo -.oo 

7 INITIAL CONOITIONS: 
PH = 2.77 FECL3. MMOLAR = .2 

T. C = 24.9 NACL. MMOLAR - 0.0 
NA2504. RMOLAR = 0.0 

0 34.300 
162 32.500 34.206 -6.62 

3900 31.300 32.077 -3.11 
19467 21.100 23.302 -6.61 

a INITIAL CONDITIONS: 
PH = 2.74 FECLB. MMOLAR = .4 

T. C = 25.1 NACL: MMOLAR = 0.0 
NA2504. MMOLAR = 0.0 

0 3.430 
3562 3.440 3.190 1 .Oo 
6956 3.290 2.660 1.72 

17922 2.760 2.369 1.57 
67215 760 

0:wo 
.677 33 

444420 .OO5 -102 

.290 1.660 163 

.244 1.570 1.629 -.66 :563 .4Ol 3.94 
-165 I.300 1.324 -.35 .906 .649 5.61 

-:OW 110 o.ooo .770 *. .ooo 905 -1.97 -.oo 1.220 .026 .916 .644 -13.36 6.59 

-.oclo 0.000 -.ooo .oo o.ooo .lOO -2.17 

.290 .I.720 

.I99 l.iOO 

:092 133 .670 _ 640 
.067 .900 
.067 * 620 

.290 1.660 

.263 : 654 

.273 .595 

.256 -374 

:OOO 149 -9.990 -116 

302 
1.279 -2.61 :631 

.941 -3.96 796 

.717 1.61 :9a1 

.572 4.60 1.027 

.571 3.65 1.023 

0.000 
1.627 -11.47 .029 
1.579 -14.60 .076 
1.501 -16.72 119 

-962 0.00 : 652 
-.OO3 1.79 .973 

.671 3.46 

.669 -1.96 

.996 -.36 
1.046 -.45 
1.046 -.55 

.037 -.20 

.090 -.30 

: 606 171 -1.14 .96 
.566 a.53 

.290 2.030 0.000 

.266 1.940 1.901 .57 139 
:323 

139 .01 
.234 1.790 1.731 .66 : 304 41 

192 
1069 

1.610 1.499 1.62 .596 .506 1194 
.623 -750 1.07 1.210 .960 4.99 

.033 -9.990 -463 0.00 -9.990 1.063 0.00 



HYDROGEN PEROXIDE METHANOL FORMALOEHYOE FORMIC ACID 
______________-_--__---------- ------------- ________-_____________________ ______________________________ 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MJLLIMOLAR] RESIDUAL [MILLIMOLARI [MILLIMOLAR] RESIDUAL [NILLIMOLAR] RESIDUAL 

CASE OBS TIME ____________-- -------------- ------------- ------:------- -------------_ ______________ ______________ 

NO NO [SEC1 OBS CALC (oBs-CALC )/Acc CALCULATED DES CALC (08s-CALC)/ACC OBS CALC (0BS-CALC)/ACC 
____ ___ ______ _____- ------ -------------- ------------- ------ ------ -------------- ------ --__-_ ______________ 

TEST NO 9 

49 1 
50 2 
51 3 
52 4 
53 5 
54 6 

TEST NO 10 

55 1 
56 2 
57 3 
58 4 

zi 59 5 
60 6 

TEST NO 

61 1 
62 2 
63 3 
64 4 
65 5 
66 Ii 

TEST NO 

67 1 
68 2 
69 3 
70 4 
71 5 

INITIAL CONDITIONS: 
PH 2.74 

T. C == 35.2 
FECLB. 

NACL, 
NA2S04, 

0 10.300 
150 8.830 9.889 
365 8.680 9.312 
731 8.050 8.396 

3570 4.080 3.596 
17832 .259 .057 

INITIAL CONDITIONS: 
PH 2.86 FECL3. 

T, C : 35.0 NACL. 
NA2S04, 

0 10.300 
1463 8.980 8.074 
3665 7.630 5.929 
7331 6.010 3.737 

35670 1.560 .570 
178338 0.000 .048 

3.62 
6.80 
9.09 
3.96 
-. 19 

11 INITIAL CONDITIONS: 
PH 2.75 FECLB, 

T. C 1 15.5 NACL, 
NA2S04, 

MMOLAR = 1.1 
MMOLAR = 0.0 
MMOLAR = 0.0 

0 10.300 
936 9.080 9.835 

2370 8.840 9.159 
466 1 8.530 8.168 

22ROO 5.740 3.230 
103G80 _ 522 .033 

-3.02 
-1.28 

1.45 
10.04 

1.96 

12 INITIAL CONDITIONS: 
I’H = 2.75 FECLB, 

T. C = 15.4 NACL, 
NA2S04, 

MMOLAR = 1.1 
MMOLAR = 0.0 
MMOLAR = 0.0 

9-u: 10.300 3.140 5.716 -10.30 
24’;20 1.400 2.827 -5.71 
46G25 _ 660 1.400 -2.96 

226920 0.000 .040 -. 16 

MMOLAR = 1.1 
MMOLAR = 0.0 
MMOLAR = 0.0 

-4.23 
-2.53 
-1.39 

1.94 
.81 

MMOLAR = 
MMOLAR = 
MMOLAR = 

2.950 19.800 0.000 
2.894 22.300 19.514 4.19 .554 .328 
2.819 19.900 19.126 1.16 1.430 754 
2.703 -9.990 18.527 0.00 -9.990 I:384 
2.144 14.600 15.577 -1.47 5.030 4.160 
I.771 8.9.80 13.539 -6.85 5.410 5.817 

.9 
0.0 
0.0 

0.000 0.000 
0.000 0.000 -.ooo 
0.000 0.000 -.ooo 
0.000 0.000 -.ow 
0.000 0.000 -.ow 
0.000 0.000 -.ooQ 

2.950 19.500 0.000 
2.887 18.030 19.179 -1.63 0.000 367 
2.798 19.150 18.728 .60 .492 : 860 
2.673 18.580 18.085 .70 1.100 1.529 
2.099 15.050 15.080 -.04 3.960 4.323 
I.761 15.190 13.250 2.76 9.574 5.799 

0.000 0.000 
0.000 o.wo o.ooo 
0.000 o.ooo o.ooo 
0.000 0.000 0.000 
0.000 o.ooo o.ooQ 

0.000 
-.oo 0.000 -.ow 
-.oo 0.000 -.ooo 
-.oo 0.000 -.ow 
-.oo 0.000 -.ooo 
-.w 0.000 -.ooo 

0.000 
0.00 0.000 0.000 
0.00 0.000 0.000 
0.00 0.000 0.000 
0.00 0.000 0.000 

.50 
1.51 
0.00 
1.94 
-.91 

-.oo 
-.oo 
-.oo 
-.oo 
-.oo 

-.78 
-.78 
-.91 
-.77 
7.97 

0.00 
0.00 
0.00 
0.00 



HVDROGEN PEROXIDE METHANOL 
________________-------------- ------------- 

CONCENTRATION WEIGHTED CONCENTRATION 
[MILLIMOLARI RESIDUAL [WILLIMDLAR] 

CASE OBS TIME _____-_____--_ -_----------_- ------------- 

No No [SEC] OBS CALC (OBS-cA~c)/Acc CALCULATED 
--__ ___ __-_-_ ---_-- ____-- -------------- ------------- 

TEST ND 13 INITIAL CONDITIONS: 
PH = 2.99 FECLI. MMOLAR = 

T. C = 25.7 NACL. MDLAR = 
NAZS04. MMOLAR = 

3.2 
0.0 
0.0 

72 1 0 IO.300 
73 2 466 9.350 9.624 -1.10 
74 3 1176 8.410 6.662 -1.01 
75 4 2352 7.370 7.242 .51 
76 5 11640 3.210 1.467 6.97 
77 6 57660 . 260 .O44 .B6 

TEST ND 14 INITIAL CONDITIONS: 
PH 3.00 

: 24.8 
FECL3. MOLAR = .3 

T. C NACL. MMOLAR = 0.0 
NA2S04. MMDLAR = 0.0 

78 1 
79 2 
80 3 
81 4 

: 82 5 
83 6 

TEST ND 

84 1 0 IO.300 
65 2 468 9.230 9.285 -.22 
86 3 1176 8.120 7.928 .77 
87 4 2352 6.320 6.094 .90 
88 5 11460 .800 1.058 -1.03 
89 6 57197 o.OOO .023 -.09 

TEST ND 16 INITIAL CONDITIONS: 
PI-I = 2.51 FECLI. MMOLAR = 

T. C = 24.5 NACL. YMOLAR = 
NA2S04. MMOLAR = 

0 IO.300 
468 lO.lOO 10.239 -.56 

1176 9.860 10.146 -1.15 
2352 9.770 9.992 a-.89 

11580 7.560 8.792 -4.93 
74880 .425 4.149 -14.89 

15 INITIAL CONDITIONS: 
PI-I = 2.50 FECL3. WMDLAR = 

T. C = 25.4 NACL. MMOLAR = 
NA2SD4. MOLAR = 

90 1 0 10.300 
91 2 468 9.950 to.239 -1.16 
92 3 t 176 9.760 10.147 -1.55 
93 4 2352 9.730 9.993 -1.05 
94 5 11441 8.840 8.863 -.09 
95 6 62220 2.790 4.683 -7.57 

.290 

.244 

.I87 
118 

:OO1 
,.oDo 

.290 2.200 

.2B4 2.190 
274 

: 259 
2.120 
2.020 

158 
-:ooo 

1,. 160 
.O65 

3.1 
0.0 
0.0 

290 
1241 
.I83 

118 
:OO7 

- .ooo 

.2 
0.0 
0.0 

FORMALDEHYDE FORMIC ACID 
__-_________-___-_-_---------- -----_______________---------- 

CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMOLARI RESIDUAL [MILLIMDLAR] RESIDUAL 

_______-______ -------------- _-____________ _____________- 

DES 
----_- 

1.760 
1.480 
1.260 
l.OOD 

.455 

1.830 
1.310 
1.360 
1.030 

-328 
-263 

CALC (DBS-CALC)/ACC 08s 
--_--- ------__------ --_--- 

1.538 -.85 
1.252 11 

.889 I:63 
-066 5.69 
.ooD 3.02 

2.165 .36 
2.113 - 10 
2.028 -.I2 
1.437 -3.97 

.029 -52 

1.584 -4.11 
1.285 1.13 

.933 1.45 

:O45 172 2.34 3.27 

-218 
.482 
.686 
.a44 

1 .OlO 
.792 

0.000 
-078 

176 
: 359 

1.180 
0.000 

.299 

.527 
-839 

1.120 
1.220 
1.050 

CALC (0Bs-CALC)/ACC 
_----- -------------- 

.424 1.26 

.653 .73 

.BB4 -.B8 

.940 1.53 

.682 2.38 

-039 .83 
-094 1.74 

181 
:690 

3.60 
10.45 

.964 -20.56 

.518 20 
-748 2104 
.963 3.50 

1.094 2.82 
-972 1.74 

: 285 290 1.930 1.850 1.903 -.77 0.000 -041 .031 21 
.277 1.500 1.862 -5.26 109 .075 174 
.264 1.360 1.796 -6.34 1741 143 

1544 
12.91 

- 180 1.360 1.350 -14 .730 4.02 
.009 .148 -219 -1.03 1.210 1.016 4.20 



HYDROGEN PEROXIDE METHANOL 
_____-_____________----------- ------------- 

CONCENTRATION WEIGHTED CONCENTRATION 
[MILLIMOLARI RESIDUAL [MILLIMOLARI 

CASE DES TIME ___________-_- __________-___ ------------- 

NO NO [SEC] 06s CALC (DBS-CALC)/ACC CALCULATED 
---- --- ------ -__-__ _----- ______------_- ------------- 

TEST ND 17 INITIAL CONDITIONS: 
PH 2.75 

T. C : 25.1 
FECLB. WMOLAR = 

NACL. MMOLAR = 
NAISO4. MMOLAR = 

96 1 0 34.300 
97 2 360 25.600 
98 3 893 24.800 
99 4 1793 23.800 

100 5 8723 15.800 
101 6 40860 2.290 

TEST NO 18 INITIAL CONDITIONS: 
PH = 2.76 FECLB. MMOLAR = 

T. C = 25.0 NACL. MMOLAR = 
NA2S04. MMOLAR = 

102 1 
103 2 
104 3 
105 4 

2 
106 5 

32.875 -28.30 
30.823 -24.09 
27.638 -15.35 
12.218 14.33 

.714 6.30 

0 34.300 
3582 14.700 13.917 3.13 
8958 4.690 5.678 -3.95 

18480 1.220 2.154 -3.73 
87215 0.000 .133 -.53 

TEST NO 1 19 INITIAL CONDITIONS: 
PH 2.76 

T. C : 24.6 
FECL3. MMOLAR = 

NACL. MMOLAR = 
NA2S04. MMDLAR = 

107 1 0 3.430 2.950 20.000 
108 2 360 3.200 3.293 -.37 2.931 -9.990 
109 3 893 2.930 3.096 -.66 2.905 20.781 
110 4 1793 2.780 2.791 -.04 2.864 21.075 
11t 5 8723 1.530 1.201 1.31 2.664 r8.245 
112 6 43980 0.000 -017 -.07 2.521 18.510 

TEST No 20 INITIAL CONDITIONS: 
PH = 2.74 FECLO. MMOLAR = 

T. C = 25.5 NACL. MMOLAR = 
NA2S04. MMOLAR = 

113 1 0 3.430 
114 2 3582 2.740 2.621 .48 
115 3 8958 1.840 1.913 -.29 
116 4 17922 1.130 1.257 -.51 
117 5 87215 140 .206 -.26 
118 6 437700 0:ooo -007 -.03 

1.1 
0.0 
0.0 

1.0 
0.0 
0.0 

1.2 
0.0 
0.0 

.9 
0.0 
0.0 

FORMALDEHYDE FORMIC ACID 
------------------------------ ------------------------------ 

CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMOLAR] RESIDUAL [MILLIMoLAR] RESIDUAL 

-------------- -------------- -------------- -------------- 

DBS CALC (~BS-CALC)/ACC OBS CALC (0Bs-CALC)/ACC 
------ ------ -------------- ------ ------ -------------- 

2.950 20.180 0.000 
2.764 19.790 19.214 .85 .750 1.063 
2.515 18.500 17.902 .89 1.930 2.383 
2.155 17.380 15.965 2.09 3.590 4.152 

740 
:089 

11.340 7.609 5.52 10.820 9.689 
3.860 2.381 2.19 15.550 10.593 

O.ODO 
O.ODO 
O.ODO 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
-.ooo 
-.ooo 

0.000 
O.ODO 
0.000 
0.000 
0.000 

0.000 
O.ODO 
0.000 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
-.ooo 

19.903 
19.767 
19.559 
18.515 
17.767 

0.000 
0.00 0.000 0.000 
0.00 o-o00 o.ooo 
0.00 o.oDo o.ooo 
-.oo 0.000 -.ooo 

0.000 
0.00 -9.990 113 
1.54 193 

1415 
: 268 

2.31 -500 
-.41 1.606 1.600 
1.13 2.776 2.340 

0.000 
-.ooo -.oo 0.000 -.oDo 
-.oDo -.oo 0.000 -.ooo 
- .oDo -.oo O.DDO -.ooo 
-.ooo -.oo O.WO -.ooo 
-.ooo -.a3 O.WO -.ooo 

-.69 
-1.00 
-1.24 

2.49 
10.90 

0.00 
0.00 
0.00 
-.oo 

0.00 
-. 17 
-. 19 

.01 
.99 

-.oo 
-.oo 
-.oo 
- .oo 
-.oo 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
_-_------------------- -------- ------------- ------------------------------ -_-----_________-___---------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENT.RATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIM~LARI RESIDUAL [MILLIMDLARI [MILLIMOLARI RESIDUAL [MILLIM~LARI RESIDUAL 

CASE DBS TIME _____________- -------------- ------------- -------------- -------------- -------------- __------------ 

NO NO [SEC] DBS CALC (DES-cALc)/Acc CALCULATED OBS 
---- --- ------ ------ ____-- ______-____--- ------------- ------ 

CALC (oBs-CALC)/A~C OBS . 
______ ____-_-------- ------ 

CALC (DBS-CALC)/ACC 
--_--- -__----------- 

TEST ND 21 INITIAL CONDITIONS: 
PH = 2.73 FECL3. MMOLAR = .9 

T, C = 25.2 NACL. #MOLAR = 0.0 
NA2504. MMOLAR = 0.0 

119 1 0 IO.300 
120 2 460 9.970 10.068 -.39 
121 3 1176 9.700 9.721 -.OB 
122 4 2352 9. loo 9.166 -.27 
123 5 11441 3.890 5.598 -6.83 
124 6 62700 0.000 .656 -2.62 

.290 1.980 .074 

.272 1.910 1.865 37 
:61 

.025 
_ 246 1.790 1.740 .42B : 

173 -3.22 
305 2.67 

.207 1.550 1.542 12 
-3:67 

.692 .407 4.47 
.043 .283 .534 1.230 1.065 3.59 

-.OOl .032 -.ool .48 .412 .621 -4.55 

TEST NO 22 INITIAL CONDITIONS: 
PH 2.75 

: 25.1 
FECL3. MMOLAR = 1.1 

T. C NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

125 1 0 IO.300 .290 1 . 7.70 
126 2 468 9.850 9.904 -.54 .267 1.690 
127 3 1176 9.290 9.525 -.94 
120 4 2352 0.600 0.602 -.a1 

L1 129 5 12400 2.690 4.453 -7.05 
130 6 66600 0.000 .339 -1.36 

TEST NO 23 INITIAL CONDITIONS: 
PH 2.75 FECLB. MMDLAR = 1.1 

T. C : 24.0 NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

131 1 0 IO.300 290 2.130 
132 2 468 IO. 200 10.033 .67 269 2.030 
133 3 1176 9.550 9.637 -.35 240 1.860 
134 4 2352 9.090 9.006 34 197 1.640 
135 5 11’160 3.230 5.321 -8: 36 031 .250 
136 6 75000 0.000 .366 -1.46 000 .060 

237 1.560 
192 1.340 
025 180 
001 :070 

.057 
1.661 .41 191 
1.509 1.01 :391 
1.286 .77 .665 

.31s -1.93 .a33 

.ooo t.00 .285 

.056 
2.016 -21 .232 
1.854 .09 .440 
1.611 .42 .749 

.502 -3.68 .947 
-.OOO .88 .199 

172 
:317 

.41 
1.56 

.508 3.33 

.970 -3.07 

.541 -5.42 

. 176 1.22 

:541 331 2.36 4.51 
I. 142 -4.22 

.596 -8.59 

TEST NO 24 INITIAL CONDITIONS: 
PH 2.74 FECLB. MMOLAR = 3.4 

T. C : 34.7 NACL. WMDLAR = 0.0 
NA2504. MMOLAR = 0.0 

137 1 0 10.300 
138 2 192 9.630 9.593 15 
139 3 4 80 8.610 8.611 -:oo 
140 4 960 7.350 7.163 75 
141 5 4680 2.470 1.643 3:31 
142 6 23.700 0.000 -042 -. 17 

.290 1.770 346 
,244 -9.990 1.546 0.00 : 376 542 
.I88 1.160 1.263 -1.49 879 

11040 .910 
: 757 

-3.59 
2.63 

:001 119 .a47 .237 -901 .076 2.35 -.78 1.016 .976 -2.29 1.39 

-.ooo -9.990 .ooo 0.00 .903 .733 3.68 



HYDROGEN PEROXIDE METHANOL 
------------------------------ --------___-_ 

CONCENTRATION WEIGHTED CONCENTRATION 
[MILLIMOLARI RESIDUAL [MILLIMOLARI 

CASE OBS TIME -------------- ----------em_- ------------- 

No NO [SEC] OBS CALC (0Bs-CALC)/ACC CALCULATED 
---- --- --_-_- ------ ------ -------------- ------------- 

TEST NO 25 INITIAL CONDITIONS: 
PH = 2.76 FECLB. 

T. C = 34.4 NACL , 
NA2S04, 

143 1 0 10.300 
144 2 192 10.400 10.240 
145 3 480 10.200 10.151 
146 4 960 10.100 10.001 
147 5 4800 8.550 8.840 
148 6 24660 2.180 5.007 

TEST NO 26 INITIAL CONDITIONS: 
PH = 2.75 FECLO, 

T. C = 15.9 NACL , 
NA2S04. 

149 1 0 10.300 
150 2 1223 9.380 9.222 
151 3 3060 8.200 7.825 
152 4 6114 6.630 5.962 
153 5 29766 .981 .915 
154 6 153480 o.ooo .010 

TEST No 27 INITIAL CONDITIONS: 
PH = 2.58 FECLO, 

1, c = 14.9 NACL, 
NA2S04. 

155 1 0 10.300 
156 2 1223 10.530 10.183 
157 3 3060 10.150 10.007 
158 4 6114 9.920 9.718 
159 5 29766 9.090 7.640 
160 6 151380 2.430 2.270 

TEST NO 28 INITIAL CONDITIONS: 
PH = 3.02 FECLB. 

T. C = 25.0 NACL, 
NA2S04, 

161 1 0 34.300 
162 2 162 32.300 33.982 
163 3 401 31.700 33.510 
164 4 803 31.000 32.715 
165 5 3900 26.800 26.434 
166 6 19487 12.600 4.991 

MMOLAR = .3 
MMOLAR = 0.0 
MMOLAR = 0.0 

-64 
-20 
.40 

-1.16 
-11.31 

MMOLAR = 3.1 
WMOLAR = 0.0 
MMOLAR = 0.0 

.63 
1.50 
2.67 

.26 
- .04 

MMOLAR = .3 
MMOLAR = 0.0 
MMOLAR = 0.0 

1.39 
.57 
.81 

5.80 
.64 

MMOLAR = 1.1 
YMOLAR = 0.0 
*MOLAR = 0.0 

-6.73 
-7.24 
-6.86 

1.47 

-290 1.950 
.284 1.900 
.275 1.870 
.261 1.850 
. 163 1.220 
.OOl .075 

.290 
-233 
.169 

1.620 
1.580 
1.250 

.a14 
108 

:078 

FORMALDEHYDE FORMIC ACID 
---__------------------------- ----------L------------------- 

CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMOLAR] RESIDUAL [MILLIMOLARI RESIDUAL 

-_-__--------- -------------- ----_____--___ --__---------- 

oBS CALC (OBS-CALC)/ACC 00s CALC COBS-CAK)/NX 
--__-- ------ -------------- ------ ------ --_-_-______-_ 

1.919 
1.873 
1.798 
1.274 

.I07 

0.000 
-.27 .039 * 035 
-.04 .094 .085 

-76 163 
-.78 :E :619 
-.46 .739 .973 

.09 
19 

:!I.4 
3.77 

-5.06 

1.539 
1.208 

.830 
-129 
-034 

155 
.60 :456 .420 .82 
-61 .775 .681 2.03 

-.23 1.020 .910 2.37 
-.30 -491 .995 - IO, 83 

.63 .331 -884 -11.90 

.290 1.890 

: 268 281 1.900 1.790 1.845 1.779 
-247 1.850 1.673 

:OOO 126 1.340 .l40 1 :016 .050 

.290 

.269 

.240 
195 

1014 
30.44 - .ooo 

1.780 
1.690 
1.580 
1.390 

1.678 
1.534 
1.310 

.231 .312 
.OlS -.ooo 

0.000 
.80 .052 -051 

16 
2:57 

.114 -120 
166 .227 

4.70 :735 .749 
1.31 1.208 .884 

.043 
:se 18 .I71 .309 :291 151 

1.17 .515 .485 
1.20 1.110 -968 

-28 . 142 .029 

.03 
-. 14 
-.83 
-.31 
6.98 

.43 
39 

:66 
3.12 
2.48 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
__-_-_______________---------- ------------- ------------------------------ -----___---___---------------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMDLAR] RESIDUAL [MILLIMOLAR] [MILLIMOLAR] RESIDUAL [MILLIMOLAR] RESIDUAL 

CASE OBS TIME -------------- -------------- ------------- -------------- -------_------ -_____________ -------------- 

No NO [SEC] OBS CALC (0BS-CALC )/AcC CALCULATED 00s CALC (~~~S-CALC)/ACC 005 
---- --- ------ ------ _----- _-_----------- - .------------ ------ ------ -------------- ------ 

CALC COBS-CALC)/ACC 
-----_ _------------- 

TEST NO 29 INITIAL CONDITIONS: 
PH = 2.97 FECL3. MMDLAR = .9 

T. C = 25.4 NACL. *MOLAR = 0.0 
NA2SO4. MOLAR = 0.0 

167 1 0 3.430 
168 2 3582 2.960 3.020 -.24 
169 3 8956 2.240 2.493 -1.01 
170 4 17922 1.540 1.637 -1.19 
171 5 67215 .260 .251 .04 
172 6 436960 0.000 -.ooo .oo 

TEST NO 30 INITIAL CONDITIONS: 
PH = 2.54 FECL3. MMDLAR = 1.0 

T. C = 24.6 NACL. MMDLAR = 0.0 
NA2SO4. MOLAR = 0.0 

173 
174 

: 0 34.300 
162 32.700 33.796 -4.38 

175 3 401 32.400 33.052 -2.61 
176 4 a03 31.500 31.804 -1.22 

co 
4 177 5 3900 25.100 22.382 lo.87 

178 6 19680 1.470 2.682 -4.85 

TEST NO 31 INITIAL CONDITIONS: 
PH = 2.50 FECLO. MMOLAR = 1.0 

T. C = 25.1 NACL. MMOLAR = 0.0 
NA2SO4. MOLAR = 0.0 

179 1 0 3.430 
iao 2 3582 2.710 2.779 -.27 
iai 3 a958 -9.990 2.052 0.00 
ia2 4 17940 1.090 1.264 -.70 
ia3 5 87215 0.000 .090 -.36 
184 6 436080 o.ooo -.ooo .oo 

TEST NO 32 INITIAL CONDITIONS: 
PH = 2.73 FECL3. MMOLAR = 3.2 

T. C = 24.6 NACL. MMDLAR = 0.0 
NA2SO4. MMDLAR = 0.0 

la5 I 0 IO.300 
186 2 360 8.650 9.334 
167 3 893 7.820 a.027 

-2.74 
-.a3 

iaa 4 1793 7.030 6.195 3.34 
ia9 5 a723 2.290 .791 6.00 
190 6 43607 0.000 -.ooo .oo 

.290 

.250 

.203 
:045 149 

.030 

1.510 .07a 
1.390 1.334 .a2 .3ia 256 

1441 
1.35 

1.250 1.123 1.86 .516 1.62 
1.080 .aio .a76 .349 6.73 2.98 1.120 .680 .623 . a54 5.77 1.24 

.772 .266 7.39 1.120 . a59 5.65 

.290 2.ooo 

.266 1.970 

.233 t .650 

:009 184 1.710 .560 
-.ooo 0.000 

.290 1.750 
.241 1.670 
.I91 -9.990 
.I39 I. ia0 
.070 
.O64 

.933 

. a53 

1.874 1.40 
1.699 -.72 
1.431 4.07 

.240 4.67 1 
-.oo5 .oa 

073 
215 
311 
543 
540 
084 

.ll4 
1.512 2.28 .403 
1.262 0.00 -9.990 

.996 2.65 .953 

.607 4.69 1.110 
-571 4.05 1.070 

.202 .26 

: 590 367 -1.22 -1.03 
i .oa5 9.87 

. la7 -2.24 

: 555 346 0.00 1.23 

_ 742 4.51 
_ 938 3.66 
.950 2.56 

2.950 t9.800 0.000 
2.822 la.480 19.141 -1.02 -930 .73a .44 
2.657 19.ooo la.290 1.10 1.890 1.627 .60 
2.438 16.660 17.141 -.74 2.910 2.749 .37 
1.846 13.020 13.956 -1.44 5.930 5.491 1.01 
1.765 13.640 13.508 .20 7.710 5.838 4.29 



HYDROGEN PEROXIDE METHANOL 
------------------------------ -----__-_____ 

CONCENTRATION WEIGHTED CONCENTRATION 
[MILLIMOLAR] RESIDUAL [MILLIMOLAR] 

CASE OBS TIME -------------- --_-_-------__ _____________ 

NO NO [SEC] OBS CALC (OBS-~ALC)/ACC CALCULATED 
---- --- ------ ------ ------ ----_-------__ _____________ 

FORMALDEHYDE FORMIC ACID 
------------------------------ --___----_________-_---------- 

CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMOLARI RESIDUAL [MILLIMDLARI RESIDUAL 

-------------- -------------- -------------- __------______ 

DBS CACC (~~S-CALC)/ACC OBS CALC (~BS-CALC )/Acc 
------ ------ -------------- ------ ------ ---__-------__ 

TEST NO 33 INITIAL CONDITIONS: 
PH 2.76 FECLB. #MOLAR = 3.1 

T. C : 25.0 NACL. MMDLAR = 0.0 
NA2S04. MMOLAR = 0.0 

191 1 0 10.300 0.000 
192 2 3582 1.780 1.881 -.41 0.000 
193 3 8958 .520 .507 .05 0.000 
194 4 16060 .270 121 .59 0.000 
195 5 87215 0.000 1006 -.02 0.000 

0.000 
O.OOD 
O.OOD 
0.000 
0.000 

0.000 
-.ooo 
-.ooo 
-.ooD 

0.000 
0.00 o.ooo o.ooo 
-.oo O.OOD -.ooo 
-.oo -.ooo 
-.oD E%E -.ooo 

TEST NO 34 INITIAL CONDITIONS: 
PH = 2.75 FECLI. MMOLAR = 3 

T, C = 24.8 NACL. MMOLAR = 0:O 
NA2S04. MMDLAR = 0.0 

196 1 0 10.300 2.950 22.500 0.000 
197 2 360 9.000 10.136 -4.54 2.929 21.700 22.382 -.99 0.000 136 
198 3 893 8.690 9.894 -4.81 2.898 20.500 22.211 -2.49 0.000 : 328 
199 4 1793 8.900 9.496 -2.39 2.849 .- 9.990 2 1..936 0.00 -9.990 629 
200 5 8723 7.920 6.833 4.35 2.536 21.100 20.174 1.34 0.000 2:428 
201 6 43800 2.490 1.224 5.06 1.944 15.200 16.727 -2.22 7.920 5.488 

TEST NO 35 INITIAL CONDITIONS: 
PH = 2.75 FECLB, MMOLAR = 2 

T. C = 25.1 NACL. MMOLAR = 010 
NA2504. #MOLAR = 0.0 

202 1 0 10.300 0.000 
203 2 3582 9.660 9.526 53 

8.140 8.526 -1154 
0.000 

204 3 8958 0.000 
205 4 17640 5.660 7.226 -6.27 0.000 
206 5 872 15 760 2.679 -7.68 
207 6 169560 o:ocxl 1.248 -4.99 

0.000 
0.000 

0.000 
OZOOO 
O.DOO 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.000 
0.000 

0.000 
::Ei 0.000 0.000 

o.cmo o.ooo 
0.00 o.ooo o.ooo 
0.00 0.000 0.000 
0.00 0.000 0.000 

TEST ND 36 INITIAL CONDITIONS: 
PH 3.00 FECLB. MMOLAR = 1.1 

T. C : 24.9 NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

208 1 0 10.300 2.950 20. loo 
209 2 360 8.890 9.948 -4.23 2.903 -9.990 19.855 
210, 3 893 8.180 9.436 -5.02 2.836 19.600 19.508 
211 4 1793 7.950 8.608 -2.63 2.731 18.200 18.961 
212 5 8723 4.330 3.960 1.48 2.189 -9.990 16.083 
213 6 43607 .275 .060 .86 1.778 II.700 13.818 

0.000 
0.00 -9.990 _ 280 

15 
-1:22 

-9.990 .664 
-9.990 1.243 

0.00 -9.990 3.977 
-3.41 -9.990 5.839 

0.00 
-.oo 
-.oo 
-.oo 

-.29 
-.71 
0.00 

-5.24 
5.25 

0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
____________________---------- _______------ -__________--_______---------- _________________-__---------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATiON WEIGHTED 
[MILLIBDLARI RESIDUAL [MILLIMOLAR] [MILLIMOLAR] RESIDUAL [MILLIMOLARI RESIDUAL 

CASE DBS TIME ____________-_ _____----_---_ ------------- __--------_--c -------------- ------_-----_- __________--__ 

NO ti [SEC1 DBS CALC COBS-CALC)/ACC CALCULATED DBS CALC (OBS-CALC)/ACC DBS CALC COBS-CALC)/ACC 
___- --- _----- ------ _--m-s _____-------__ ------------- ------ _----- ----c-------e_ ------ ------ -------------- 

TEST NO 37 INITIAL CONDITIONS: 
PH = 3.00 FECLB. 

T. C = 25.1 NACL. 
NA2SD4, 

214 1 0 10.300 
215 2 3582 7.370 7.497 
216 3 8958 4.960 4.994 
217 4 17922 2.850 2.896 
218 5 87215 .250 277 
219 6 436080 0.000 :010 

TEST NO 38 INITIAL CONDITIONS: 
PH = 2.50 FECLB. 

T. C = 25.0 NACL, 
NA2S04, 

220 1 0 io.300 
221 2 360 9.460 9.874 
222 3 893 8.950 9.260 
223 4 1793 8.950 8.290 

8 
224 5 8723 5.610 3.451 
225 6 43980 .440 .046 

MMDLAR = 1 .o 
MMOLAR = 0.0 
MOLAR = 0.0 

0.000 0.000 0.000 
0.000 o.ooo o.ooo 0.00 .O.OOO -.ooo 
0.000 0.000 -.ooo -.oo 0.000 -.ooo 
0.000 0.000 -.ooo -.oo 0.000 -.ooo 
0.000 0.000 -.ooo -.oo 0.000 -.ooo 
-.ooo 0.000 -.ooo -.oo 0.000 -.ooo 

-.oo 
-.oo 
-.oo 
-.oo 
-.oo 

-.51 
-. 14 
-. 18 
-.I1 
-.04 

WMOLAR = 1.1 
MOLAR = 0.0 
LmOLAR = 0.0 

2.950 19.390 0.000 
2.892 19.480 19.096 .58 0.000 336 
2.811 19.240 18.685 .83 -399 : 787 
2.688 18.730 18.056 1.01 .917 1.446 
2.121 17.470 f5.105 3.55 4.459 4.208 
1.760 15.320 13.157 3.25 9.425 5.783 

-1.66 
-1.24 

2.64 
8.63 
1.58 

-.75 
-.86 

-1.18 
.56 

8.12 

TEST NO 39 INITIAL CONDITIONS: 
PH = 2.50 FECLI, 

f. C = 25.0 NACL, 
MOLAR = 1.2 
MMOLAR = 0.0 
MMOLAR = 0.0 NA2S04, 

226 1 0 10.300 0.000 O.ODD 0.000 
-.ooo -.oo 0.000 -.ooo 
-.ooD -.oo 0.000 -.ooo 
-.ooo -.oo 0.000 -.ooo 

.ooo -00 o.ooD .ooo 

227 2 3582 5.120 4.075 
228 3 8958 2.550 1.691 
229 4 17922 1.400 -664 
230 5 87215 0.000 -061 

4.18 
3.44 
2.94 
-.24 

0.000 0.000 
0.000 0.000 

-.oo 
-.oo 
-.oo 

.oo 

TEST No 40 INITIAL CONDITIONS: 
PH = 2.87 FECL3, 

T. C = 35.2 NACL, 
NA2SD4. 

231 1 0 34.300 
232 2 66 32.600 34.018 
233 3 162 32.400 33.605 
234 4 330 31.700 32.869 
235 5 1596 26.900 27.524 
236 6 7968 6.620 7.305 

0.000 0.000 
-.ooo 0.000 

MMOLAR = 1.0 
MMOLAR = 0.0 
YMOLAR = 0.0 

.290 1.890 

.270 1.780 

.243 1.690 
199 

:019 
1.200 

.348 
-.ooo 0.000 

-074 
1.790 -. 15 179 177 
1.651 .57 :321 :311 
1.423 -3.28 .387 .509 

.314 .50 .615 1.045 
-.002 .03 .025 .029 

-5.67 
-4.82 
-4.68 
-2.50 
-2.74 

.04 

.21 
-2.68 
-9.42 

- .08 



HYDROGEN PEROXIDE METHANDL FORMALDEHYDE FDRMIC ACID 
____________---_---_---------- ____--______- __--__________________________ ____________________---------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMOLAR] RESIDUAL [MILLIMOLARI [MILLIMOLAR] RESIDUAL [MILLIMOLAR] RESIDUAL 

CASE OBS TIME ____-________- __________--_ ___________b_- -------------- ___________--- ______-------- ________------ 

ND ND [SEC] DBS CALC (oBS-CALC)/ACC CALCULATED OBS CALC (OBS-CALC)/ACC DES CALC COBS-CALC)/ACC 
__---- -------------- ------ _----- -------------- 

TEST NO 41 INITIAL CONDITIONS: 
PH 2.88 FECLB. 

T. C : 34.8 
MMDLAR = 

NACL. MMOLAR = 
NA2504. MMOLAR = 

237 1 0 3.430 
238 2 1463 2.690 3.070 -1.52 
239 3 3665 2.240 2.632 -1.57 
240 4 733 1 1.580 2.029 -1.79 
241 5 35670 262 350 -.35 
242 6 178338 0:ow :0O1 -.oo 

TEST NO 42 INITIAL CONDITIONS: 
PH 2.75 FECLB. MMDLAR = 

T. C 1 15.8 NACL. HMOLAR = 
NA2SD4. MMOLAR = 

243 I 0 34.300 
244 2 420 28.000 33.711 -22.85 
245 3 1043 27.800 32.850 -20.20 
246 4 2082 27.500 31.470 -15.88 

$ 247 5 10140 22.700 21.368 5.33 
248 6 48960 1.090 2.648 -6.23 

TEST ND 43 INITIAL CONDITIONS: 
PH 2.75 FECLB. MMOLAR = 

T. C 1 15.5 NACL. MMOLAR = 
NA2S04. MMOLAR = 

249 1 0 3.430 
250 2 9323 3.210 2.732 1.91 
251 3 24240 2.130 1.892 .95 
252 4 46625 1.580 1.130 1.80 
253 5 226920 0.000 -018 -.06 

TEST NO 44 INITIAL CONDITIONS: 
PH 2.75 FECLB. MMDLAR = 

T. C 1 25.2 NACL. MMOLAR = 
NA2S04. MMOLAR = 

254 1 0 10.300 
255 2 468 10.000 9.921 -32 
256 3 1176 9.240 9.370 -.52 
257 4 2352 8.470 8.520 -.20 
258 5 11520 2.580 4.068 -5.95 
259 6 66600 0.000 -204 -.82 

.8 
0.0 
0.0 

1.1 
0.0 
0.0 

1.2 
0.0 
0.0 

.290 

.254 

.213 

. 162 
.048 
.029 

-290 
.261 
.221 

1.980 
1.750 
1.550 
1.350 

.9.990 
.756 

1.840 
1.750 
1.710 
1.500 

-9.990 
.025 

.069 
1.791 -.61 339 
1.572 -.32 : 564 
1.287 .92 .760 

576 
:430 

0.00 -9.990 
4.77 1.120 

.I22 
1.694 .81 196 
1.494 3.14 1342 
1.202 4.33 .532 

.096 0.00 .032 
- .001 .38 0.000 

.260 1.71 
458 

:ss1 
2.30 
1.72 

1.054 0.00 
1.083 .80 

: 448 267 -1.54 -2.28 
_ 675 -3.09 

-20.20 
-1.89 

.290 1.930 . 127 

.231 1.670 1.627 .63 455 415 

.I69 1.410 1.289 1.77 : 725 : 684 

: 055 118 I.140 -731 -999 .601 2.06 1.91 I.100 .962 
871 

I:048 

1.5 
0.0 
0.0 

.290 1.930 .082 
-263 1.790 1.790 -.Ol .228 .225 
.226 1.610 1.598 .17 .440 402 
:016 175 1.330 120 

1020 

1.323 -292 -2149 10 .730 .710 1.065 1625 

-.ooo -.ooo .30 .I79 .604 

.87 
90 

I:98 
1.12 

.07 
81 

2:26 
-7.61 
-9.12 



HYDROGEN PEROXIDE METHANOL 
__--________--------________L_ __--_e_------ 

CONCENTRATION YE IGHTED CONCENTRATION 
[MILLIMOLAR] RESIDUAL [MILLIMOLAR] 

CASE O&S TIME -____________- _-----_---_--- ------------- 

No ND [SEC] DES CALC (D~S-CALC)/ACC CALCULATED 
-___ --- -_____ __---- _____- _-----_--___-- _______--___- 

FORMALDEHYDE FORMIC ACID 
~----------------------------- __-_________________---------- 

CONCENTRATION WE IGHTEO CONCENTRATION WEIGHTED 
[NILLIMOLAR] RESIDUAL [MILLIMOLAR] RESIDUAL 

___--___-____- ___-____-_____ __---__--____- ____________-- 

00s CALC (06s-cALc)/*~c 00s CALC (OBS-CALC)/ACC 
------ -_____ __-_____-_____ __--__ ------ __-_________-_ 

TEST NO 45 INITIAL CONDITIONS: 
PI-I 2.78 FECLI, 

1. c : 25.2 NACL , 
NAPS04, 

260 1 0 10.300 
261 2 460 9.810 10.035 
262 3 1176 9.420 9.645 
263 4 2352 8.510 9.011 
264 5 12240 2.100 4.919 
265 6 57960 0.000 .567 

TEST NO 46 INITIAL CONDITIONS: 
PH 2.76 FECLO. 

T. C 1 24.9 NACL , 
NA2S04, 

266 1 0 IO.300 
267 2 468 9.740 10.016 
266 3 1176 9.450 9.598 
269 4 2352 6.700 8.935 

% 270 5 11441 3.610 5.032 
271 6 62400 ,260 .481 

TEST NO 47 INITIAL CONDITIONS: 
PH = 3.27 FECL3, 

T. C = 25.0 NACL, 
NA2S04, 

272 : 0 10.300 
273 468 10.600 10.113 
274 3 1176 10.500 9.850 
275 4 2352 10.200 9.454 
276 5 11760 9.700 6.704 
277 6 56820 7.650 1.214 

TEST NO 48 INITIAL CONDITIONS: 
PH 2.25 FECLB. 

T. C 1 25.5 NACL , 
NA2SD4, 

276 0 10.300 
279 : 468 10.500 10.151 
260 3 1176 10.000 9.944 
261 4 2352 9.600 9.609 
262 5 12420 5.640 6.307 
283 6 62400 .380 1.234 

MMOLAR = 
MWOLAR = 
MMOLAR = 

1.0 
0.0 
0.0 

-290 1.850 
269 

1241 
-9.990 1.746 

I.. 510 1.603 
198 

:02El 
1.190 1.384 

_ 096 368 
-.ooo .Oll -:001 

119 
1246 .222 
.496 -356 

755 
:700 

.543 
1.046 

.240 .579 

-.90 
-.90 

-2.00 
-11.28 

-2.27 

0.00 
-1..37 
-2.64 
-3.96 

.I6 

.51 
3.00 
4.60 

-5.79 
-7.37 

MMOLAR = 1.1 
MMOLAR = 0.0 
MhlOLAR = 0.0 

.290 J .970 

.268 1.680 1.858 

.238 1.680 1.700 
195 

:030 
1.450 1.464 

.270 .434 
-.ooo .040 -.oDo 

.093 

.244 206 77 

.419 : 357 1:33 
,690 .557 2.86 

1.004 1 .OBB -.09 
.357 .613 -5.47 

-1.10 
-.59 
-.94 

-5.69 
-.88 

32 
-:29 
-.21 

-2.37 
.56 

WWOLAR = 
MMOLAR = 
WMOLAR = 

1.2 
0.0 
0.0 

290 
:273 

1.740 
1.690 1.659 

.250 1.660 1.549 
216 

:052 
1.580 1.382 
1.330 .493 

-.ooo _ 669 -.ooo 

.058 

.107 145 

. 163 : 253 
_ 224 
.545 

1936 404 

1.040 .367 

1.95 
2.57 
2.99 

11.98 
25.74 

.45 
1.61 
2.87 

12.15 
10.01 

-.81 
-1.94 
-3.68 
-6.44 
14.50 

WMOLAR = 
MMOLAR = 
MMOLAR = 

1.1 
0.0 
0.0 

290 
: 260 

2.290 
1.900 2.232 

.266 1.600 2.152 
244 

. :oe7 
1.660 2.027 

-807 1.027 
- .ooo .300 .lco 

.053 
-4.02 142 .115 
-5.12 :250 196 
-5.05 .406 :315 
-3.20 1.020 1.041 

2.91 1.290 1.130 

.59 
1.17 
1.95 
-.46 
3.46 

1.40 
.23 

-.04 
-1.67 
-3.41 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
___-_____-__--------- --------- __---e---w--- / _______-____________---------- ------------------------------ 

CONCENTRATION WEIGHTED CONCENTRATION ( CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIMDLARI RESIDUAL [MILLIMOLARI 
- CASE OBS TIME ____________-- ______-------- ------------- 

NO ND [SEC] OBS CALC (DES-CALC)/ACC CALCULATED 
--_- --- ------ ------ ------ -------------- __________-_- 

’ [MILLIMOLAR] RESIDUAL [MILLIMOLARI RESIDUAL 
-------------- -------------- -------------- -------------- 

08s CALC (DES-CAL~)/ACC 00s CALC (08S-cA~c)/Acc 
------ ------ _--______--___ ------ ------ -------------- 

TEST ND 49 INITIAL CONDITIDNS: 
it-l 2.74 

: 25.2 
FECLI, MOLAR = 1.1 

T. C NACL. MMOLAR = 0.0 
NA2SO4. MMOLAR = .5 

284 1 0 IO.300 
285 2 468 10.100 10.013 35 
286 3 1176 9.910 9.590 I:28 
287 4 2352 9.710 8.920 3.16 
288 5 11460 6.320 5.114 4.82 
289 6 69240 0.000 .509 -2.04 

.290 2.200 
-267 2.174 2.075 
.236 2.020 1.899 

191 
:026 

1.850 1.636 
.823 -488 

-.ow .052 -.OO3 

.O67 
1.44 196 196 
1.76 1342 : 363 
3.09 .569 -586 
4.85 1.290 1.188 

.80 .227 .579 

-00 
-.45 
-.37 
2.20 

-7.57 

TEST No 50 INITIAL CONDITIONS: 
PH = 2.71 FECLB. MMOLAR = 1.2 

T. C = 25.4 NACL. MMOLAR = 0.0 
NA2S04. MOLAR = 10.0 

.290 1.910 

.267 1.870 

.236 1.800 
191 

:026 
1.570 
1.010 

- .ooo .015 

176 
1.11 :226 -289 
2.45 .324 -436 
2.60 -463 .631 
9.25 1.070 1.107 

-24 .207 .552 

290 1 0 IO.300 
291 2 468 to.500 9.991 2.04 
292 3 1176 IO.400 9.539 3.44 
293 4 2352 IO.200 8.812 5.55 

E 294 5 11940 8.060 4.976 12.34 
295 6 65400 .680 .472 .83 

TEST No 51 INITIAL CONDITIONS: 
PH 2.74 

T. C 1 25.0 
FECLB. MOLAR = 1.2 

NACL. MMOLAR = 0.0 
NA2504. WMOLAR 5200.0 

-1.37 
-2.43 
-3.64 

-.81 
-7.48 

1.794 
1.632 
1.392 

.377 
-.0Ol 

.826 
-1.45 .777 

-.39 .a35 
-20 .875 
-99 1.250 
-94 1.210 

-290 1.820 
-283 1.690 
-273 1.710 
-257 1.670 

161 
:Oo3 

1.230 
.I89 

296 1 0 10.300 
297 2 468 lO.iOO 10.217 -.47 
298 3 1176 10.100 10.092 .03 
299 4 2352 10. loo 9.891 .a4 
300 5 11520 9.270 8.579 2.76 
301 6 57540 3.790 4.263 -1.89 

1.786 
1.736 
1.657 
1.164 

.I27 

-852 -1.67 
.889 -1.21 
-947 -1.60 

1.251 -.03 
1.341 -2.93 

TEST N0 52 INITIAL CONOITIONS: 
PI-I = 2.78 FECLB. MWOLAR = 1.0 

T. C = 25.2 NACL. MM0LAR = 6.0 
NA2504. NMOLAR = 0.0 

.290 1.850 

.252 1.540 

.202 1.530 
138 

:OOO 
i.220 

161 
-.ooo IO54 

114 
1245 
.501 
-761 
-807 
-419 

302 1 .o IO.300 
303 2 468 9.810 9.795 .06 
304 3 1176 9.280 9.073 .83 
305 4 2352 8.470 7.965 2.02 
306 5 12720 1.680 2.494 -3.25 
307 6 58080 o.ooo .I21 -.48 

1.658 -1.72 
1.404 1.84 
1.056 2.39 

.O53 1.58 
-.ool .81 

.303 -1.26 

.524 -.49 
774 

:917 
-.28 

-2.38 
.464 -.97 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
_________________------------- ------------- ------------------------------ _____________-_-____---------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WE IGHTEO 
[NILLIMoLARI RESIDUAL [MILLIMOLARJ [MILLIMOLAR] RESIDUAL [MILLIMOLAR~ RESIDUAL 

CASE OBS TIME _____-__---_-_ -------------- _________---- -------------- __________-___ -----_-__----- _------------- 

NO NO [SEC1 OBS CALC (0BS-CALC)/A~C 
____ -_- _----- ------ _----- --------_----- -- 

CALCULATED 00s 
.-_-___----- -_-___ 

CALC (OBS-CALC)/ACC OBS CALC (OBS-CALC)/ACC 
------ __-_______---- ------ ------ -------------- 

TEST NO 101 INITIAL CONDITIONS: 
PH = 3.01 FECLO. MMOLAR = 1.1 

T. C = 25.2 NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

308 1 0 IO.300 3.330 
309 2 468 10.200 10.164 14 3.257 
310 3 1176 IO.200 9.951 1:00 3.151 
311 4 2352 9.970 9.584 1.54 2.982 
312 5 11580 7.590 6.601 3.96 1.929 
313 6 69660 .676 .576 -40 -567 

.059 

: 227 129 .I08 170 
.350 :247 
.840 .427 
.307 .205 

TEST NO 102 INITIAL CONDITIONS: 
PH = 2.51 FECLB. YMOLAR = 1.0 

T. C = 25.4 NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

314 1 0 10.3OO 
315 2 468 10.600 10.117 1.93 
316 3 1176 IO.300 9.831 1.88 
317 ,4 2352 IO.200 9.349 3.40 
318 5 12060 8.620 5.843 11.11 
319 6 62400 1.350 .593 3.03 

TEST NO 103 INITIAL CONDITIONS: 
PH = 2.76 FECLB. MN0LAR - 1.1 

T. C = 34.5 NACL. MM0LAR = 0.0 
NA2SO4. MNOLAR = 0.0 

3.330 
3.249 
3.130 
2.945 
1.875 

.769 

.047 

.O68 . 104 
-102 172 
: 558 171 : .424 255 

.499 .262 

320 1 0 IO.300 
321 2 192 11.ow 10.173 3.31 
322 3 480 10.600 9.968 2.53 
323 4 960 10.400 9.606 3.18 
324 5 4680 8.300 6.756 6.18 
325 6 24720 2.070 .965 4.42 

TEST NO 104 INITIAL CONDITIONS: 
PH = 2.75 FECL3. MMOLAR * 1.1 

T. C J 15.3 NACL. MMOLAR = 0.0 
NA2S04. MMOLAR = 0.0 

3.330 0.000 
3.259 .047 
3.155 .099 
2.988 186 
1.984 : 556 

.651 .614 

326 1 0 IO.300 3.330 .050 
327 2 1223 10.500 to.106 1.58 3.239 -9.990 
328 3 3060 10.200 9.808 1.57 3.109 .083 
329 4 6114 9.950 9.310 2.56 2.908 133 
330 5 29766 9.120 5.886 12.94 1.826 1449 
331 6 150300 2.060 .379 6.72 .655 .415 

-058 
127 

:213 
.417 
-228 

.I12 
185 

: 270 
-423 
.231 

103 
.30 :139 . 112 
.84 .2OO -134 

1.50 .281 182 
6.02 .713 : 576 
1.49 1.020 .814 

.092 
-.52 .I13 .I02 

-1.02 .I23 .I27 
-1.23 175 183 

1.95 1436 : 586 
3.45 1.470 .827 

.082 
-. 16 -097 .082 
-.41 . 127 .099 
-.39 168 143 
2.03 : 505 : 522 
4.18 1.280 .806 

59 
1143 
2.13 
2.96 
4.46 

.24 
-.09 
-. 17 

-3.25 
13.88 

33 
162 

55 
-138 

10.30 

107 
0.00 -9:990 .I17 0.00 

-1.48 .I13 145 
-2.00 133 

1.140 : 365 

1206 
-.70 

-1.57 

2:69 37 .610 .824 -5.29 6.82 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
________-____-___-_----------- ------------- -_-----------_---_____________ -------------_----__---------- 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[MILLIWOLARI RESIDUAL [BILLIB~LARI [MILLIMOLARI RESIDUAL [MILLITIMJLAR] RESIDUAL 

CASE OBS TIME __------------ -------------- ------------- -------------- -------------- --------^----- -------------- 

No No [SEC1 00s CALC (OHS-CALC)/AC~ CALCULATED 00s CALC (0Bs-CALC)/ACC OBS CALC (oBs-CALC)/ACC 
---_ --- ------ ------ ---_-- _____-----____ ------------- ------ ------ -------------- ------ ------ _________--_-_ 

TEST NO 105 INITIAL CONDITIONS: 
PH = 2.75 FECLB. 

T. C =‘25.6 NACL . 
NA2SU4, 

332 1 0 IO.300 
333 2 468 9.950 9.849 
334 3 1176 9.650 9.158 
335 4 2352 7.770 6.054 
336 6 13020 2.050 1.641 
337 6 67500 0.000 -016 

TEST N0 IO6 INITIAL CONDITIONS: 
PH = 2.75 FECLB, 

T. C = 25.0 NACL , 
NA2504, 

336 1 0 IO.300 
339 2 466 10.660 10.257 
340 3 1176 10.390 10.167 
341 4 2352 10.510 10.066 

z 342 5 11460 10.070 9.027 
343 6 62400 7.050 4.391 

TEST No 107 INITIAL CONDITIONS: 
PH 2.75 FECL3, 

T, C : 24.6 NACL, 
NA2S04, 

344 : 0 34.300 
345 162 33.600 34.157 
346 3 401 33.700 33.930 
347 4 803 33.300 33.535 
346 5 3900 32.OO0 30.128 
349 6 19487 13.200 12.540 

TEST No 108 INITIAL CONDITIONS: 
PH 2.75 FECLO, 

T. C : 25.0 NACL. 
NA2S04, 

350 1 0 3.430 
351 2 1800 3.690 3.247 
352 3 4494 3.320 2.969 
353 4 6988 2.700 2.529 
354 5 44700 1.030 .503 
355 6 201300 0.000 .OOl 

MMOLAR = 3.2 
MMOLAR = 0.0 
MWOLAR = 0.0 

-40 
-1.23 
-1.14 

-84 
-.07 

MMOLAR = .3 
MMOLAR = 0.0 
MMOLAR = 0.0 

1.61 
.81 

1.77 
4.17 

10.64 

MMOLAR = .7 
MMOLAR = 0.0 
MMOLAR = 0.0 

-2.23 
-.92 
-.94 
7.49 
2.64 

MMOLAR = 1.1 
MMOLAR = 0.0 
MM0LAR = 0.0 

1.77 
1.40 

-68 
2.11 
-.oo 

3.330 .021 .442 
3.139 169 

: 357 
149 

: 267 
.29 -489 .424 

2.678 1.31 .613 .453 
2.509 ‘-535 368 2.44 -612 .538 
1.093 .5OO : 336 2.40 1.104 .881 

.767 -386 -261 1.83 1.106 .890 

3.330 -021 0.000 
3.302 .033 .044 -. 16 0.000 .Oo5 
3.260 -036 

19.990 
.075 -.53 0.000 .014 

3.191 119 
:323 

0.00 -9.990 -032 
2.704 .229 -1.36 .062 .210 
1.234 .713 .361 5.11 .747 .747 

3.330 
3.265 
3.169 
3.014 
1.989 

.114 

3.330 .021 
3.226 .098 
3.083 .211 
2.076 .417 
2.088 .961 
1.907 *. 733 

.OlO 

.036 - 

.O62 
106 

:391 
.042 

.062 
125 

: 206 
.419 
.047 

.097 
179 

: 268 
.417 
.421 

1.40 
3.48 
5.95 
6.57 
4.69 

- .I0 
-.30 
0.00 

-2.76 
.oo 

.089 
-.39 . 116 .090 .56 
-.94 .I33 .I05 .61 

-1.45 153 144 19 
-.41 1461 :527 -1144 
-.08 -465 .542 -1.67 

* 102 
.Ol .129 .I09 .43 
.46 153 ’ 

2.17 : 227 
139 

: 202 
30 

:55 
8.23 .692 .499 4.17 
4’. 55 I.100 .566 11.55 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE FORMIC ACID 
--------______-_-------------- ------------- -------_-----------___________ -----------------_____________ 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED CONCENTRATION WEIGHTED 
[h41LLIbt0L~Rl RESIDUAL [MILLIMOLARI [MILLIYOLARI RESIDUAL [MILLIMOLAR~ RESIDUAL 

CASE OBS TIME -----------_-- -------------- ------------- -------------- ---___________ ----------e--- -------------- 

ND NO [S-l OBS CALC (DBS-CALC)/ACC CALCULATED OBS 
---- --- ------ ------ ------ -------------- ------------- ------ 

CALC (OES-CALC)/ACC 
------ --____________ 

08s CALC (OES-CALC )/ACC 
------ ------ -------------- 

TEST NO 109 INITIAL CONOITIONS: 
PH = 2.75 FECLB. MMDLAR = 

T. C = 25.2 NACL. MMOLAR = 
NA2SO4. MMOLAR = 

356 0 10.3Do 
357 

: 
540 IO.400 9.698 2.01 

358 3 1350 10.2Go 9.251 3.80 
359 4 2694 10. loo 8.169 7.72 
360 5 13121 8.810 2.769 24.16 
361 6 65610 3.320 -012 13.23 

TEST NO 110 INITIAL CONDITIONS: 
PH 2.76 

T. C : 25.2 
FECLO. MOLAR = 

NACL. MOLAR = 
NA2SD4. MMDLAR = 

362 1 0 10.3GD 
363 2 468 10.200 9.938 1.05 
364 3 1176 9.850 9.410 1.76 
365 4 2352 9.750 8.599 4.61 
366 5 11700 6.660 4.432 8.91 
367 6 68600 -386 -256 .52 

TEST NO 111 INITIAL CONDITIONS: 
PH = 3.24 FECLO. MOLAR = 

T. C - 25.4 NACL. MOLAR = 
NA2S04. *MOLAR = 

368 1 0 10.3oG 
369 2 468 IO.500 10.190 1.24 
370 3 1176 9.620 10.012 -1.57 
371 4 2352 9.030 9.695 -2.66 
372 5 11820 5.070 7.224 -8.62 
373 6 85220 .770 1.496 -2.91 

TEST No 112 INITIAL CONOITIONS: 
PH = 2.25 FECLS. MMOLAR = 

f. C = 24.5 NACL. MMOLAR = 
NA2S04. LWMILAR = 

374 : 0 IO.300 
375 468 10.100 10.249 -.60 
376 3 1176 10.100 10.170 -.28 
377 4 2352 9.990 10.065 -.30 
378 5 11460 9.180 9.067 -45 
379 6 61500 3.900 5.833 -7.73 

2.1 
0.0 
0.0 

1.1 
0.0 
0.0 

1.2 
0.0 
0.0 

ll.lGo 
10.803 
10.387 

9.767 
7.270 
6.191 

1.110 
1.067 
1.005 

.914 

.494 

. 164 

3.330 
3.264 
3.166 
3.010 .I11 
2.046 -286 

.569 .525 

.7 
0.0 
0.0 

3.330 
3.305 
3.268 
3.220 
2.824 
1.817 

-010 
.052 
. 104 

120 
:776 

I.820 

.OlS 

.053 

.089 
.151 

-9.990 
.010 

O.OOD 
.040 
.075 

.010 
.015 
.042 
.083 
.322 
.662 

-245 -2.80 

:E -5.77 -9.79 
1.358 -8.42 
1.392 6.20 

.I07 .63 
0.00 
-.72 

.055 -.21 

.120 -.65 
-203 -1.33 
.415 -1.87 
.2G4 4.64 

.031 -.23 

.060 -.26 
-CT93 -. 15 
-282 .59 
-418 3.58 

.I97 

.220 

.239 
169 

: 640 
2.380 

0.000 
.021 
.042 
.083 

-9.990 
O.OOD 

.I08 

.142 

.153 
139 

: 262 
-353 

-079 
.089 
-115 

loo 
: 245 

1.200 

.215 10 

.303 -I:38 

.493 -6.97 
1.463 - 17.70 
1.874 10.87 

.Oll .21 

.032 21 

.068 :32 
:260 230 -5.57 0.00 

.106 .77 

.118 74 
: 508 156 -5.29 -:36 

.8GO -9.61 

.078 .22 
-081 75 
1087 :28 

.97 
13.37 



HYDROGEN PEROXIDE METHANOL FORMALDEHYDE 
_-_______--_------------------ ------------- ------------------------------ 

CONCENTRATION WEIGHTED CONCENTRATION CONCENTRATION WEIGHTED 
[MILLIMDLARI RESIDUAL [MILLIMOLAR] [MILLIMoLARI RESIDUAL 

CASE DBS TIME -_------------ ---r---------- ------------- ---------i--__ -------------- --- ~- 
NO NO [SEC] OBS CALC (oBs-CALC)/ACC CALCULATED OBS 

____ -_- ------ ------ ------ -------------- ------------- ------ 
CALC (~Bs-CALC)/ACC 

------ -------------- 

TEST NO 113 

380 1 
381 2 
382 3 
383 4 
384 5 
385 6 

TEST NO 114 

386 1 
387 2 
388 3 
389 4 

is 390 5 

INITIAL CONDITIONS: 
PH 2.74 

T. C 1 25.1 
FECLB, 

NACL. 
NA2S04, 

0 10.300 
468 10.240 10.135 

1176 9.950 9.874 
2352 9.920 9.431 

12660 7.730 5.947 
66600 _ 260 .527 

INITIAL CONDITIONS: 
PH = 2.79 FECLB, 

T. C = 25.6 NACL, 
NA2S04, 

1 

0 10.300 
468 10.700 10.141 

1176 10.500 9.888 
2352 10.400 9.457 
1460 8.000 6.103 

MMOLAR = 1.1 
MNOLAR = 0.0 
MMOLAR = 0.0 

42 
130 

1.96 
7.13 

-1.07 

MMOLAR = 1.1 
NNOLAR = 0.0 
MMOLAR = 0.0 

2.23 
2.45 
3.77 
7.59 

3.330 .032 
3.247 .007 
3.125 126 
2.937 :219 
1.801 .687 

_ 630 . . 258 

3.330 .009 
3.247 .047 
3.127 111 
2.939 :200 
1.856 -562 

.092 -1.24 

:250 164 -.!I5 -.45 

:223 420 - 3.85 -51 

-074 -.39 
149 

:238 
-.56 
-.57 

.419 2.12 

FORMIC ACID 
_------_______________________ 

CONCENTRATION WEIGHTED 
[MILLIMDLARI RESIDUAL 

-------------- -------___---- 

DBS CALC (0Bs-CALC)/ACC 
------ ------ -----_-------- 

-067 
-084 
.I05 

158 
1613 
.993 

.076 16 

.I04 :03 

: 598 162 -.09 .33 
-811 3.90 

, .I14 
.I12 

153 
:201 
.575 

.I15 

.I35 
185 

: 584 

-.07 
41 

:36 
-. 19 



APPENDIX E 

ANALYTICAL METHODS 

Formaldehyde and Formate Ion 

The method used to determine formaldehyde was 
similar to the work of Dolzine, et al. [15]. According 
to this method, the unknown formaldehyde solution 
is added to an excess of bisulfite solution to form 
the anion formaldehyde-bisulfite, which can be meas- 
ured by conductivity using IC (ion chromatography) 
and related back to the formaldehyde originally pres- 
ent in the sample. Technically, our previous work [ 1] 
revealed that the unreacted bisulfite ion is what is 
actually measured, not the formaldehyde-bisulfite 
ion; however, this had no effect on the accuracy of 
the data. 

The advantage of this method for our application was 
that additional amounts of sodium bisulfite could be 
used to neutralize excess hydrogen peroxide from 
the reaction solution, thus stopping the reaction in 
time, since the neutralization of peroxide is very fast 
with bisulfite. Next, following the method of Dolzine, 
excess bisulfite (not the formaldehyde-bisulfite ion) 
is destroyed by the careful addition of peroxide just 
before IC analysis. 

The IC instrument used for our analyses was the Di- 
onex model 2120i. The procedures used and the ac- 
curacies achieved are described in [ 11. 

Stock formaldehyde solutions were assayed accord- 
ing to the titrametric sodium sulfite method. The 
method is based on the quantitative liberation of so- 
dium hydroxide when formaldehyde reacts with so- 
dium sulfite. 

The IC method was also used to determine formate 
ion concentration. The same injection for formalde- 
hyde gave the characteristic retention time for the 
formate ion. Using internal and external standards, 
formate ion was quantitated for the reactor samples. 
Stock formate solution concentrations were based 
on the assay given for the ACS (American Chemical 
Society) grade formic acid. 

Carbon-l 4 Studies 

The carbon atom of the formaldehyde molecule can 
be followed in the reaction by the addition of a small 
amount of radioactive formaldehyde. This 14C atom 
emits a charcteristic beta particle that reacts with the 
scintillation solution to cause light that is recorded 

by a liquid scintillation counter. A reaction solution 
of 9.5 mL was introduced into 10 mL of a liquid cock- 
tail for scintillation counting. The 14C counts meas- 
ured the number of soluble 14C compounds that had 
radioactive formaldehyde as starting material. 

Total Iron 

Iron in the test solutions was determined by atomic 
absorption spectroscopy. Samples were acidified 
(0.1 percent HCI) and determined with background 
correction. Standards and blanks were used through- 
out the test and recoveries were performed. Accu- 
racy was estimated to be 0.002 mmol/L. 

Hydrogen Peroxide 

Of the various methods in the literature for hydrogen 
peroxide determination only permanganate and ceric 
sulfate titrations were considered appropriate for the 
reaction under study. Almost all calorimetric meth- 
ods were ruled out based on the interference from 
iron. The following reactions were considered: 

5H202 + 2KMn0, + 3HzS04 + 
K,S0,+2MnSO, +8H,O +50, 

2H202 + 4Ce(SO,), + 2H20 _3 

(El) 

4CeS0, + 4H2S04 + 30, W 

Reaction (E 1) represents the permanganate method 
[ 121, in which the purple permanganate ion, Mn04-2, 
is reduced to the almost clear manganese ion, Mn+2. 
Reaction (E2) represents the ceric method [16], in 
which the yellow ceric ion, CetJ, is reduced to the 
clear cerous ion, Ce+2. 

Based on the following series of tests it appears that, 
for our test conditions, ceric sulfate is the better of 
the two methods for hydrogen peroxide determina- 
tion. It was found that the permanganate titrations 
were interfered with by other organics in the test 
solutions; whereas, the ceric sulfate titrations were 
unaffected. Accuracy for the ceric sulfate method 
was estimated to be 0.250 mmol/L. 

Tests to Determine Adequacy of Titrametric 
Methods 

Test 1. - The following test shows the failure of 
permanganate as a selective oxidant for hydrogen 
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peroxide because organics known to be present in 
the reaction solution interfere. The test shows that 
ceric ion is selective towards the oxidation of hydro- 
gen peroxide in the presence of methyl alcohol, for- 
maldehyde, and formate ion. 

Test Procedure: 

1) Add 25 mL of 1 .O N H,SO, to eight 125-mL 
Erlenmeyer flasks. 

2) Label four of the Erlenmeyer flasks “permanga- 
nate study” and the other four “ceric study.” 

3) Using the four “permanganate study” flasks: 
Label and add 25 mL of deionized water to the 

first flask 
Label and add 25 mL of l-percent methanol 

to the second flask 
Label and add 25 mL of l-percent formalde- 

hyde to the third flask 
Label and add 25 mL of l-percent formic acid 

to the fourth flask 

4) Repeat the above procedure for the “ceric study” 
flasks. 

5) Add 0.05 mL of 0.5 N permanganate to produce 
the purple color for the four “permanganate 
study” flasks. 

6) Add 0.05 mL of 0.25 N ceric sulfate to produce 
the yellow color for the ‘four “ceric study” 
flasks. 

Table E-l shows that, for the permanganate flasks, 
the color development varies depending on the or- 
ganic added; wheceas, for the ceric flasks, color de- 
velopment is uniform, i.e. not affected by the organic 
additions. 

Tests 2 through 5. - Additional tests were per- 
formed using the cgric sulfate method. The data 
shown in table E-2 provide information on the pre- 
cision of the titration and the effectiveness of acid 
as a means of “freezing” the reaction. 

Each test represents formaldehyde oxidation using 
the conditions set forth in test 10 (phase I testing), 
referred to as “midpoint conditions.” After waiting 
the designated time, the reaction was “frozen” by 
adding sufficient sulfuric acid to make the solution 

Table E-l. - Comparative effects of organics on the permanganate 
and ceric sulfate titration methods for hydrogen peroxide 
analysis. 

Titration color development 

Test solution 

Blank 
Methanol 
Formaldehyde 
Formic acid 

Permanganate Ceric sulfate 
method method 

purple yellow 
pink (~60 min) yellow 
clear (tl min) yellow 

clear (~30 min) yellow 

Note: Duration of the test was 5 hours. 

1 .O N. This was the amount of acid recommended 
for the ceric titration. After acid was added to the 
reactor, sampling continued for approximately 17 
hours (1,020 minutes). This was to verify the effec- 
tiveness of the acid as a means of freezing the re- 
action in time. Each additional test allowed the 
reaction to proceed as defined in test 10, before acid 
addition. 

Conclusions drawn based on the results of tests 2 
through 5 are that the endpoint is sharp and good 
precision should be realized, no additional peroxide 
is used by organics after fixing the reaction with sul- 
furic acid, and the acid causes the reaction to slow 
to such a rate that analysis could be performed the 
next day (not recommended however). 

Test 6. - After the addition of sulfuric acid, the 120- 
minute sample from the reactor produced more gas 
than the other samples. Test 6 was designed to de- 
termine whether a rapid loss of peroxide occurred 
because of decomposition or whether the gas ob- 
served was simply carbon dioxide (reaction was not 
stirred). 

The results of test 6, shown in table E-3, indicate no 
peroxide loss as a result of decomposition when the 
pH is adjusted with sulfuric acid to 1 .O N. 

Note that O.Ol-percent hydrogen peroxide was left 
in the reaction after 120 minutes for test 5, whereas 
0.33-percent hydrogen peroxide was left after 120 
minutes for test 6. Since the only significant differ- 
ence between the two tests was that different beak- 
ers were used, scratches inside the beakers probably 
account for peroxide loss. 
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Table E-2. - Results of tests to determine the precision of the ceric sulfate titration method. 

Test Reaction time, Sample time, Sample size, Ceric Sulfate, 
No. minutes minutes mL mL 

Percent H202 

2 0.5 1 
1 
1 

:x 
15 

x: 
30 

:: 

1:: 
120 
120 

1020 
1020 
1020 

3 10 
i 

21: 
210 
210 

1160 
1160 
1160 

4 

5 

40 

120 

: 
5 

170 
170 
170 

1130 
1130 
1130 

E 
5 

i: 
90 

1050 
1050 
1050 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

z: 
20 
20 
20 

xii 
20 
20 

7.9 

ii:: 

87-:5 
6:0 
7.9 

:z 
7:95 
7.95 
6.0 
7.9 
7.9 
7.9 
7.85 
7.85 
7.83 

0.336 
.340 
.340 
.336 
.342 
.340 
.336 
.340 
.340 
.338 
.338 
.340 
.336 
.336 
.336 
.334 
.334 
.333 

15.55 .330 
15.60 .332 
15.45 .328 
15.0 .319 
14.95 .318 
15.05 .328 
14.9 .317 
15.0 .319 
15.0 .319 

12.5 .266 
12.5 .266 
12.6 .268 
12.5 .266 
12.55 .267 
12.6 .268 
12.5 .266 
12.55 .267 
12.5 .266 

2.5 

z-/5 
2:3 
2.4 
2.4 

2:3 
2.3 

.053 

.051 

.052 

.049 

.051 

.051 

.049 

.049 
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Table E-3. - Recovery of peroxide before/after acidification. 

Test condition Ceric sulfate (ml) Percent H202 

Combine 1 .O L of Hz0 with 5.0 mL of 
3Opercent H202 

Combine 1 .O L of 120-minute reaction 18.2 .344 
solution with 5.0 mL of 30-percent HzOz 16.35 .347 
(peroxide added just before acidification) 16.45 .350 

1 .O L of 120-minute reaction solution 

Combine 1 .O L of 12Gminute reaction 16.35 .347 
solution with 5.0 mL of 30-percent H202 16.4 .349 
(peroxide added after acidification) 16.45 .350 

8.15 0.173 
8.20 .174 
8.20 .174 

.174 

.176 

.176 

GPO 887-2 18 
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Mission of the Bureau of Reclamation 

The Bureau of Reclamation of the U.S. Department of the Interior is 
responsible for tie development and conservation of the Nations 
water resources in the Western United States 

The Bureau’s original purpose “to provide for the reclamation of arid 
and semiarid lands in the West” today covers a wide range of interre- 
lated functions. These include providing municipaland industrial water 
supplies; hydroelectric power generation; irrigation water for agricul- 
ture,’ water quality improvement flood control; river navigation; river 
regulation and control; fish and wildlife enhancement; outdoor recrea- 
tion; and research on water-related design, construction, materials, 
atmospheric management, and wind and solar pouax. 

Bureau programs most frequently are the result of close cooperation 
with the U.S. Congress, other Federal agencies, States, local gouern- 
men ts, academic institutions, water-user organizations, and other 
concerned groups. 

A free pamphlet is available from the Bureau entitled “Publications 
for Sale.” It describes some of the technical publications currently 
available, their cost, and how to order them. The pamphlet can be 
obtained upon request from the Bureau of Reclamation, Attn D-7923A, 
P 0 Box 25007, Denver Federal Center, Denver CO 80225-0007. 


