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ABSTRACT

This work is concerried with the air-strippable volatile organic fraction of industrial
wastewters. The primary purpose was to develop laboratory apparatus and procedures that
may be employed to assess the desirability of air stripping in cooling towers as a treatment
operation for removal of a portion of the organics from industrial wastewater. The
apparatus developed consists of a shorl packed (intalox Saddle) section with liquid
recirculation and single pass countercurrent air flow. Desorption is performed in the
apparatus at 25°C and ambient pressure conditions.

Desorption experiments were performed on single pure components in water,
simulcted wastewater preparations and actual industrial wastewater samples, {ndustrial
wastewater samples were representative of: poultry, metal, oil-field, canning,
pharmaceutical, paper, food, fibers, petroleum refinery and petrochemical industries. 80D,
COD, TOC an gas chromatographic analysis were employed with the experiments.

Industrial wastewaters were found to contain a non-volatile organic fraction that
remains in the aqueous phase and a volatile organic fraction that can be transferred to the
air phase. Results oi one hour desorption runs indicate that the range of the volatile organic
fraction is 0% to 70% TOC. The ultimate volatile range was caicuiated to be 0% to 98%
TOC. The volatile organic fractions dispiayed a range of relative volatilization rates 4.4 to
41.6 times greater than water. The net result of the desorption experiments is that some
industrial ‘wastewaters can be effectively treated by air-stripping a sizeable portion of the
dissolved nrganics. ]

This report was submitted in fulfillment of Project Number R-801876 by the
University of Arkansas under the partial sponsorship of the Environmental Protection
Agency. Work was completed as of April, 1974,
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SECTION |

CONCLUSIONS

Based on the theoreticat and experimental results of this study, it is concluded that:

1.

A countercurrent air flow, recirculating liquid, packed stripping column has been
developed to perform desorption studies on wastewater samples.

The Intalox Saddie Column described on pp.24 and the test method presented on
pages 25 and 27 are recommended.

This laboratory device can be employed as a laboratory simulation of the air-stripping
operation for removal of volatile organics in cooling towers and similar units.

This desorption device can be employed as a 1aboratory test for studies of the volatile
character of industrial wastewater.

A single desorption study on this device is capable of quantifying the fraction
maximum degree of treatment (F:,) of air-volatile organics in a wastewater sample and
the relative rate (K/a) at which the organic fraction can be removed from the water,

Nineteen samples of industrial wastewater were desorbed and found to contain an

average of Fy, = 33% T O C volatile fraction with a range of Fy = [0%, 98%).The
volatiles in these fractions were 4.4 to 41.6 times more volatile than water.



SECTION 11
RECOMMENDATIONS
A comprehensive project should be initiated and the desorption apparatus employed to
study the volatile character (i.e., F:, and K/a) of industrial wastewater. Only nineteen

samples were desorbed in this project but the volatile fraction seems to be sizable.

The desurbed species should be identified and quantified individually to assess the
impact of these components upon the environment.



SECTION N
INTRODUCTION

+* .~ project is concerned with the development of a laboratory apparatus and
.experimental procedures for the measurement of the fraction of the dissolved constituents
in a wasiewater thet can be removed by desorbing into air. This research is not concerned
specifically with the air stripping of ammonia from wastewater. Many industrial wastewaters
contain dissolved volatile organics which are easily removed by contact with air, and it is
this type of wastewater censtituent which this project proposes to study. This project is also
concerned with the measurement of the relative ease at whic., these dissolved, volatile
constituents can be transferred 0 the air phase. The rate of desorption is compared to the
rate of evaporation of water. The rate of volatilization of a component must be greater than
the evapor-tion rate of water to effect its removal from water.

All aqueous wastes are immediately acted upon by two ambient pnysica!l, natural
phenomena which are capable of producing significant changes in the character of the
wastewater. These two phenomena are the force of gra’vit?’ and the cliemical potential
between phases. The Earth’s gravitational force acts upon the differences in density between
suspended (solid) particles and water causing some fractions to float to the surface and
others to settle to the bottom. The gravitational prienomena effect on wastewater is well
known to chemists and engineers. The interphase mass transfer of chemical species caused
by a chemica! potential between the water and the (ever present) air phase is a more subtle
natural phenomena that is invisible and not easily detected by the other senses. Figure 1 is
an illustrated representation of the above idea.

The followirg are some applications to which volatile constituent information can be
applied.

Air-Stripping As A Treatment Operation

Quantifying the volatile fracticn will place the upper bound on the effectiveness of air
stripping as a treatment operation. These operations are typically carried out in a cooling
tower type device (induced or forced draft) or in an air sparged {(bubble) vessel. The major
_ thrust of this research is volatile organic constituents. Air-stripping has bezn demonstrated
to be a feasible technique for removing a portion o! the organics from wastewater, McAlister
et al (1) reported 65-—-85% treatment efficiencies for pulp mill condensates and 40—50% for
combined decker filtrates and puip mill condensates in a cooling tower. Thest waste
streams, in combination with condenser waste from a baiometric-type evaporator
condenser, - are cooled in the tower and reused. Prather (2) reported that an
oxidation-azration cooling tower process offers an economical method of removing small
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AIR VOLATILE FRACTION Character and hehavior
of this fraction is unhnown
INTERPHASE MASS TRANSFER "1 tor the most part.
. i |

FRACTION

Character and behavior of
these fractions is ‘well
established.

*REMAINING

GRAVITATIONAL FORCES -
1 l 1 - SETTLEABLE AND
FLOATABLE RACTION

*Contains the soluble fraction plus some low volatile and slow settling constituents. This
is the fraction that typically receives secondary treatment.

Figura 1. The three major iractions of industrial wastewater.



organic residuals by suto-oxidation and stripping of ammonia and other unwanted gases
from refinery wastewater at abcut the cost of cooling the water. Mohler et al (3) reported
experience with reuse and bio-oxidaticn of refinery wastewater in a cooling tower system.
He reported 99.9% efficiencies in removing phenolic-type compounds by bio-oxidation and
does not report on the role of air-stripping.

Volatile Losses From Cooling Towers

-Information on the votatile fraction in water will aid in the assessment of organic losses
during cooling tower operation with recycled process water or wastewater, Once-used water
or wastewater can be used as makeﬁup water to a cooling tower. Burns and Eckenfelder ;4)
repori_ on the adaptatior: of s cooling tower to improve aeration in an activated sludge plant.
A crunterflow cooling tower was instatled to reduce the influent waste temperature from
120° F to 100° F and.to increase the oxygen uptake rate in adjoining aeration tanks.
Previous pilot evaluation of plastic trickling filters in =eries with activated sludge for
treatment of pulp and paper waste showed 25% BOD removal in 54 seconds resident times
with DOWPAC and 24% BOD removais in 38 seconds with POLYGRID. Cohn and Tonn (£)
report on the use of a cooling tower in black liguor evaporaiion. No reference to organic
removal is made but private cornmunications revealed that similar removals as reported by
McAlister (1) were being achieved.

Desorption Of Organics During Secondary Treatment

Information on the volatile fraction will aid in the assessment of the magnitude of
organic desorption occuring during convent.onal seccndary treatment ogerations. Gaudy et
al (6, 7, 8) performed diffused air-stripping experiments on volatile waste components of
petrochemical nature and reported 50% butanone removal in four hours, 50%
propionaldehyde in one hour and 50% acetone in 4.5 hours all at 25° C. Eckenfelder (9)
reports 20% removal of acetone in four hours in a similar apparatus. The variability of
sparged vessel results is due to variations in gas rate/liquid volume ratios. Hiser (10) reported
90% styrene removat ir. 20 minutes from an acrated flask. He also reported simifar total
carbon removals from a composite industrial wastewater sample.

Goswami (11) reported that significant removals can occur under quiescent conditions
in a batch faboratory vessel. He observed the following removals in twelve hours from a one
liter reactor at 25° C; 17.2% removal of acetone, 18% methylethylketone, 27%
propionaldehyde, 32.8% butrylaldehyde and 35.3% remova! of vale aldehyde.

An analytical simulation model of desorption in aerated s*abilization basins by
Thibodeaux and Parker (12) indicates that significant removals of selected industrial
chemicals are occurring. A study of ten common industrial chemicals in eleven full-scale
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aerated basins showed that 20% to 60% removal efficiencies were possible without
biochemical oxidation. Detention times ranges from 1.7 to 14.2 days. Laboratory
observation of surface agitator desorbers support this data. :

Horton et al {13) report the results of » three year study on the changes in tritium
content of a large nonseeping outdoor basin. 90% of the tritium contadined in an aqueous
stream flowing at 15,000 titers per day will be lost to the atmosphere from a shaliow basin
with a surface area of 6000 m2. Mackay and Wolkoff {14) derived equations to predict the
rate of evaporation of hydrocarbons and chlorinated hydrocarbons (PCBs). These
compounds have high rates of evaporation even though the vapor pressure is low.
Evaporation "half lives” of minutes and hours is due to the high activity coefficient
displayed by these components in agueous solution. '

From the above it appears that a significant amount of volatile components are being
stripped and/or desorbed in conventional secondary treatment operations involving the use
of air or the presence of large air-water interfaces.

Accumulation Of Volatiles In Enclosures

Information on the volatiie fractions in wastewater and their combustible properties
may aid in the prediction of potential explosion hazards in closed sewers, manholes, storage
vessels, treatment vessels, sumps, etc. Volatile components may accumulate in semi-air tight
enclosures and upon combination with cir an explosive mixture may result.

Information on the volatile fraction along with data on the maximum safe
concentration for breathing will point cut potential foul air hazards. It has been the
personal exoerience of the author that the air is quite objectiona!l in some manholes v liere
industrial wastewater is present. Blowers were necessary to remove the $oul air prior to
entering the manhole.

Wastewater As An Air Pollution Source

Quantifying the volatile fraction will point out and allow one to estimate the
importance of species desorption from water as an air poliution source. Most wastewater
leaves the process area at an elevated temperature and moves along in an open channel. The
two conditions promote rapid desorotion of volatile fractions and can be a significant
secondary air poflution source. All wastewater treatment operations which involve the
contact of air with water (i.e., cooling towers, activated sludge, trickling filters, aerated
stabilization basins, anaerobic lagoons, etc.) may also be an air pollutant emission source.
Quantifying the volatile fraction in the wastewater will place bounds on this likely air
pollution source and show it to be significant or unimportant.

-6 -



Wastewater As An Odor Source

Information on the volatite fracuon in wastewater may pin-point odors emanating
from the plant area. Odors can originate from wastewater in the same manner as air
pollutants. Hydrogen sulfide is easily desorbed from anaerobic wastewater. The absence of
odors from a plant area does not preclude that significant amounts of dissolved gases and
liquids are not being desorbed, since many common organics have a high recognition odor
threshold in air. :

Loss Of Volatiles Effect Wastewater Test Results

Showing the existence of volatiles and quantifying the amount wi' tead to better
sampling and analysis procedures. The loss of the volctiie fractions may lead to large errors
and widely fluctuating wastewater test resuits. At present little care is taken to assure that
the volatiles do not escape during sampling and handling of industriat wastewater samples in”
the field or during the analysis in the laboratory. Weimer and Lee (15) reported losses of
methane from lake water samples resuited in variable data. Succeeding analysis from the
same sample bottle indicated decreasing amounts of methane.

Volatile Losses Effect Wastewater Audits

The proper accounting of ali the components (i.e., volatile and non-volatile fractions)
will allow more exact material balances and industrial wastewater audits. By-product
recovery and accurate design for treatment is based on reliable waste concentration
measures. A consciousness of the volatile nature of selected components in the wastewater
can lead to better accounting of the waste loads.

Information cn the volatile fraction in wastewater, the volatile. components, the
industry types which are likely to discharge volatiles, and the processes that are likely to
produce volatiles, increase our knowledge and understanding of industrial wastewater in
general,

Fundamentat Desorption Concepts

The volatile character of dissolved constituents in wa.tewater can be adequately
quantified by the experimental determination of two parameters. The symbols and
definition of these two parameters and the fundamental concepts revealed by the
parameters regarding volatile wastewater constituents are:

Volatile Fraction (Fy) — this measure denotes the maximum amount (in %) of the

original organic pollutants in a water sample that can be removed by air contact.

.



This is also the maximum eff.ciency of treatment that can be achieved by
stripping the wastewater with gir, The organic pollutants in the wastewater can be
expressed as BOD,, COD, TOC and other qross poltutant measures and/or
concentration of individual constituents (by gas/liqu'd chromatography).

Relative Volatilization Rate {K/a) — this measure denotes the ratio ot the rate of
volatile removal by air contact to the rate water is evaporated in the same
apparatus. If the experimental value of K/a is greater than unity, stripping with air
may be a feasible treatment operation for this wastewater. {f K/a is unity,
stripping will have no effect on removing volatile constituents from this
wastewater and if K/a is less than unity or zero, stripping will result in an increase
of this constituent in the wastewater. This parameter, like F:,, is dimensionless
and both are determined from a single desorption experiment.



SECTION IV

ITEMS OF PROJECT STUDY

The following is a list of the individual items of study considered to be necessary to
accomplish the objectives of this project.
A. Develop a laberatory desorption apparatus for a volatile component test method. -

1)

2)

. 3)

4)

Test a laboratory bench scale raschig ring packed column as a laboratory
desorption apparatus. This column is to consist of a glass tube 5.08 cm, (2 inch)
in diameter packed to a height of 45.72 cm. {18 inch} with 0.318 cm (1/8 inch)
raschig rings. Air will be introduced at the bottom and liquid into the top. A
batch of wastewater will be continuously pumped over the packing. Samples of
the liquid taken at predetermined times will be tested for BODg, COD, TOC and
Gas Chromatograph. The quantity of water lost {(weight} witl be measured also.
Test a faboratory bench scale glass-shot packad column. This column is to consist
of a glass tube 2.54 cm. in {1 .nchi diameter packed to a height of 20.32 cm. (8
inch) with 0.159 cm. (1/16 in.) glass-shot. This column will be operated just as
the raschig ring packed column,

Miniaturize anc simplify the desorption apparatus. The original apparatus
consisted of a packed column, liquid catch basin, pump, and !aboratory air.
Control and flow measuring means are necessary for the flowing phases. Attempts
will be made to devise a method to operate the apparatus (liquid and air
movement) with air onlv. The operation of the apparatus under conditions of
natural convection of air and therefore requiring only a liquid pump will be
investigated. The lower limit of column size will aiso be established.

Establish the minimum and necessary equipment and apparatus needs. The above
column tests, miniaturization and simplification techniques will be aimed at
establishing the minimum and necessary equipment, apparatus services, etc.
desirable for conducting a reliable volatile component test.

B. Develop laboratory procedures for volatile component test method.

1)

2)

3)

Establish the amount of a wastewater aliquot necessary to conduct the volatile

test. This volume is charged to the column catch basin and recycled over the. >

packing continuously. Samples for analysis are obtained from the catch basin
volume.

Establish liquid and gas rates for the apparatus. There is some latitude on the flow
rates to the packed sz2ction, however, excessive high rates will cause flooding and
low rates will prolonc the experiment time.

Establish the time of test. It is important that the test proceeds long enough that
F:, can be quantified. Tests on a number of components should help estabiish the

-9 -



4)

run thne that will likely result in the removal of sll the volatile constituents.
Anatysis of experirmental data. The raw experimental data will consist of organic
concentration {i.e. BOD;, COD, TOC, G.C., etc.} and water content {grams) with
experiment run time (minutes). Analytical expressions have been developed for
computing the volatile component parameters from the raw data. Data handling
and processing procedures wilil be develobed to compute Ff,, a, K and K/a. These
procedures will be a combination of analytical processes involving algebra and
geometry.

C. Apply the proposed desorption test to determine:

1)
2)
3)
4)
5)
6)

7)

Which of the several available wastewater test techniques for organic carbon is the
most accurate and/or desiravie for establishing F,,

Whether or not all the test tecﬁniqws should result in identicai values of F,

F values for simulated and actual industrial wastewaters, ]
Experimenta! values of K/a for selected pure components common 10 industrial
wastewaslers,

Whicr 0¢ the severai wastewater test techniques is most accurate and desirable for
measuring K ‘a,

K/a wvalues for simulated and actual indusirial wastes and selected pure
component. common to industriai wastewater, and

Whether or not all the test techniques st.ould result in identical values of K/a.

D. Other studies important to the volatile desorption test.

1)

2)

3)

a)

5)

Compute theoretical K/a2 for selected pure components. Analytical expressions
have been formulated for computing K/a. Theoretical calculations will be related
10 experimental values. '
Determine the effect of air temperature and relative humidity upon the X/a
measurement,

Develop charts and tables bv which laboratory measurements of K/a can be
corrected to the standard conditions. '

Decide upon a standard (inlet) air temperature and relative humidity so that all
volatile wastewater K/a values can be compared on a common basis.

Study possible mass transfer interferences caused by surfactants, inorganic saits,
polymers, etc., upon the desorption test results,

- 10—



SECTION V
THEORY OF VOLATILE COMPONENT DESORPTION
FROM AN AQUEOUS PHASE
Thermodynamic Basis For Desorption
A necessary condition for the transier of a species trcm a liquid phase to a gas phase is

a fa.,orable chemical potential. The thermodynamic vapor liquid equilibrium of dilute
sotutions is conveniently expressed by the relative volatility of species A in water:

“iw = WP P )

where ., = relative volatility
Y;w = activity coefficient
o

Pi
PW

pure component vapor pressure of species i

pure component vapor pressure of water
An 3lternate method of representing this equilibria is Henry’s Law:

Vi = MyX; ‘ (2)

where yi' mole fraction in the gas (i.e., air) phase for species i
My; = Henry's Law Constant for species i

X;

it

mole fraction in the liquid (i.e., water) phase for species i
The relative volatility reveals more information about the desorbing ability of the species
since its removal from water is of main concern here. Table 1 co tains a brief suinmary of
relative volatilities and Henry’s iiaw Constant for common ind-strial gases and liquids. The
components 10 through 20 comprise a representative cross section of industrial organic
chemicals in wastewater. Many of the common liquid species are more volatile than water
and will therefore desorb readily as indicated by a relative volatility greater than unity.
Although some high molecular weight organics may have low pure component vapor
pressures and high boiling points comparad to water they neverthelcss exhibit large relative
volatilities due to large activity coefficients in water. Pierotti et, al. (16) report activity
coefficients of 13 to 107 for n-acids, n-primary alcohols, sec-alzohols, n-aldehydes,
n-ketones, n-esters, n-ethers, n-chlorides, n-paratfins and n-alkyl benzenes.

-11 -



TABLE 1

Vapor-Liquid Equilibria of Selected Gases and Liquids in Water at 25°C

Component Normal Bailing Myi oj.w
Point, °C

1. Nitrogen ~-1958 86500 2,768,000

2. Hydrogen Sulfide (HpS)  — 59.6 54500 1,744,000

3.  Oxygen (O3) ~183 43800 1,402,000

4. Ethane (CoHg) - 886 30200 966,400

5.  Prooylene (C3Hg) —- 48 5690 - 182,100

6. Carbon Dioxide (CO3) - 785 1640 52,480

7. Acetylene (CoH)) - 84 1330 42 560

8. Bromine (Brp) - 588 73.7 2,358

9. Ammonia (NH3) - 334 843 27.0
10. Acetaldehyde 20.2 5.88 188
11.  Acetone 56.5 1.99 s
12. iso-propanol 825 1.19 38.1
13. n-propanol 978 471 15.1
14. Ethanol 78.4 .363 11.6
15. Methanol 64.7 .300 9.60
16. n-butanol 117 .182 582
17.  Acetic acid 118.1 .0627 . 2.01
18. Formic acd 1008 0247 3
19. Propionic acid 141.1 0130 416
20. Phenol 1814 0102 326
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Descrption Of Dilute Aqueous Solutions In A Packed Column

An analytical model of the desorption of dilute solutions of gases and liquids in a
packed column has been developed by Thibodeaux, Estridge and Turner (17). The specific
volatilization rate for single component i in the desorption apparatus is:

(SRi= 1
Ki=1- 3)
SRi ExplZT/HoG i}(SRi — 1] —1
wherte K; = the specific volatilization rate of species i
SRi = stripping factor for species i
Zt = height of the packing, cm.
HogG,i = height of gas phase (overall) transfer unit for species i, cm.
The specific volatilization rate definition is:
Ki = (LmiXji = LmoXiol/ LmiXii . {4)

where Lmi = molar liquid flow rate into packed section, moles/time ® area

#

Lmo = molar liquid flow rate out of packed section, moles/time ® area

X;i = concentration of species i entering packed section, mole fraction

Xijo = concentraticn of species i leaving packed section, mole fractiop
The stripping factor definition is:
SRi = My; Gm/Lm (5)
where Gm = molar gas flow rate in packed section,.moles/time ® area

From equ.:lion (3) it is evident that K; and hence the fraction of species i removed in a-
packed section (Figure 2} is dependent on Henry’s Law Constant, gas flow, liquid flow,
height of packed section, and the efficiency of the packing (i.e., Hog ,i) but not on the
concentration of species i in the liquid. Assumptions necessary for use of equation {3) are
that the operation be isothermal, steady countercurrent flow, infet air-contains no species i,
and concentration of specie_syi in water is very dilute {i.e., X;-1).

The derivation of equation (3) assumes that the liquid concentraition in the packed
section changes from top to bottom. Removal of this last assumption results in a simpler
equation:
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Figure 2. Schematic of volatile desorption apparatus.
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K; = Sgi [1 = VEXP(Zy/HQg i) (6)
This development is exact for water evaporation
a=Sgull - I/EXP(ZT/HQGIWH {7)
where s = fraction of water lost in column,
Water is most abundant in wastewater and changes little in concentration in the packed
section.

I the quotient K,/a (defined as the relativ: volatilizaticn rate) is created from
equations (5, (6) and (7) end ZT ---the thermodynamic relative volatility results:

[7d

2Ri Mxi limit
= = (K;/a) - (8)
SRw  Myw Zyro '

“iw

This limit is immediate in the case of equations (6) and (7) but a numerical proof was
necessary in the case of equations (5} and (7). Calculations were performed with a 3 cm. x
15 cm. Intalox packed desorption apparatus to compare K/a using the exact equations (5,
7), the simplified equations {6, 7) and the relative volatility (8). Data for computing height
of a transfer unit for the packing (i.e., Hog ;) was from Treybal (18). Table 2 shows the
calculated results for eleven commaon industrial chemicals. The simplified equat.on values of
K;/a ’s less than Ay 38 expected. Roughly correlated the relative volatility is related to K/a
by:

ajw = (1.032 £ .108) x (K{/a) - )]

This estimating equation will yield low values of 4w for highly volatile components,
however this result shows K;/a is closely related to the actual relative volatility of the pure
components.

Most wastewaters contain several dissolved species. The above development is for single
spez.es only. Desorption occurs simultaneously for each species and equations (5) and (7)
remains valid in a multicomponent mixture provided no synergystic effects are present.
Whereas K and a are highly dependent on the operating characteristics of the desorption
apparatus, the parameter K/a is somewhat insensitive to actual operating characteristics.
Equation (8) indicates that the experimental K/a values for pure components or mixtures’
can be a useful parameter to quantify the volatility of constituents dissolved in wastewaters.

—-15--



TABLE 2

Relative \'olatilization Rates and Relative Volat lity @ 25°C

(caleulated results)

2 - Error of ﬁi/a wrt Ki/a , percent

3 — Exact value

4 - Simplified equation value

Component HOG,i, a4 w Ki/a3 f(i/a4 Error’
Acetaldehyde 38.7 {cm.} 188. 159, 169. +6.3
Acetone 358 64.1 60.0 61.4 +2.3
{sopropanol 354 378 36.4 36.9 +14
Normal Propanol 34.7 15.1 14.8 149 + .7
Ethanol 344 116 114 115 + 9
Methanol 343 958 949 952 . 5
Normal Butanol 34.2 5.82 577 5.78 - 5
.Acetic Acid 341 2.00 2.00 2.00 .0
Formic Acid 34.0 .789 .788 .789, 0
Propionic Acid 34.0 416 415 . 415 0
Phenol 340 326 226 .326 0
1- Z1=15cm,




Experimental and Data interpretation Model for Packed Culumn

A desorption apparatus consisting of a packed column was the only device employed in
this work. Desorption apparati consising of packed towers and sparged vassels were
employed by McAlister, Turrer and Estridge (1), It was discovered early in the above
research that excessive foaming made sparged vessel desorption unpractical for pulp and
paper waste. It hos been the authors experience that the spzrged vessel also requires longer
experiment times than the packed column. Both types of desorption apparatus employ a
batch of liquid and therefore the behavior of each is transient in nature. The batch-sparjed
vessel is doubly transient in nature because the interfacial area for mass-transfer is
dependent on the quanuty of water recmaining and water is readily vaporized in this
apparatus.

The schematic of the packed column desorption apparatus shown in Figure 2 is helpful
in visualizing the mathematic model of the packed column desorption experiment. A
volume of sample is charged to the catch basin and pumped uround and recycled nver the
packing continuously. The model further assumes a constant air rate containing no volatiles,
constant wet bulb temperature, constant operating temperaiure and that the quantity of
volatiles removed is a constant multiple of the quantity of this component entering the
tower (i.e., molar desorption rate = KiX;Lm;).

A ditterential componen: balance for water and species i yields two simultanecus
equations (17). Hf the concentration of water is much greater than the ccncentration of
speacies i (i.e., XHZO >>>X;) an analygica! solution is immediate:

log X = log Xjo — (Kj/a — 1) log [Mo/Mqj " (10)

concentration of species i in the desorption apparatus at
sample time, t, mg/I.

il

where Xj;

Xjo = concentration of <pecies i in the desorption apparatus at start
of experiment, mg/I.

M; = quantity of water in the desorption apparatus at sample
time t, grams.

Mo = quantity of watcr in the desorption apparatus at start of
experiment, grams.

A log-log graph of concentration of species i, X, and the quantity of water remaining, Mg,
resul s in a3 straigh. line with slope equal to {K;/a—1). A single desorption experiment thus
yields a value of the relative volatilization rate. Equation {10) shows that as water is lost the
concentration of species i decreases for K;/a > 1, remains constant for K;/a = 1 and increases
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for Ki/a <1. Water is vaporized at a constant rate and is related to run time:
M=Mg—-alnpt ' (11)
where t = run time in minutes.
This relatidn must be used to compute a.

Industrial wastewaters may contain dissolved species of different relative volatilities.
Some dissolved components may be more volatile than wdter and others may be less volatile
than water. Gross organic pollutant measures (i.e., BODg, COD, TOC, etc.} quantify the
concentrations of the combined volatile and non-volatile components. Grcss concentration
measures can be expressed as the sum of the concentrations of the volatile and non-volatile
portions:

C'=Cy+Chy (12)
where C° = the concentration of organic poilutants as measured by the
BOD;. COD, TOC tests, etc., mgO, /i, mgC/L
C:, = the concentration of organic poliutants which are more volatiie

than water, mgQ0, /i, mgC/L.

C:w = the concentration of organic pollutants which are less or of
equal volatility of water, mg0O,/i, mgC/I.

A single desorption experiment on a sample of wastewater will yield C:, and the relative
volatilization rate of the dissolved volatiles.

A detailted theoretical development for desorption operations involving
multicomponents is presented by Thibodeaux, Estridge and Turner (17). The followingisa
brief summary of the working relationships rnieeded for data analysis associated with the
desorption apparatus.

The relationship of the volatile and ncn-volatile *ractions in a wastewater consisting of
m non-volatile components and n volatile components is: ‘

n m
. Ki/ .
Fe=p . MM + D F; (13)

i=1 i=1
where Fy = the fraction of the total amount of the gross constituents
remaining in the wastewater at time t (Fy = C;M{/C’M,).
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F; = the original fraction of volatile component i in the
wastewater (F) = X;o/C’).

F; = the original fraction of non-volatile component j in the
wastewater (Fj = X;o/C ).

".This equation shows that as run time proceeds and water is vaporized (i.e., My ~0O) the
non-volatile fraction remains. Although a gross concentration measure cannot single out
individual constituents, a slight change in the form of equition (13} aliows further study of
the volatile fraction. If the volatile fraction is assumed to be made of a single “‘pseudo
volatile component’’ then equation (13) can be reinterpreted as

o K / (-
Fy=Fo MMl % + Eoy (14)

the original fraction of all the volatile comporents in the
wastewater (F|, = C,/C).

where F,

F:\v = the original fraction of all the non-volatile components in the
wastewater (Fp, = Cp/C).

Kg = the relative volatilization rate representative cf all the volatile
components in the wastewater,

The “pseudo volatile component” is a fictitious lumped single compor.ent with a relative
volatilization rate of Kg/a which is equivalent, in gross combined behavior, to the n volatile
components with individual K;/a 's. Figure 3 shows calculated resulis of the behavior of the
organic fraction, Fy, for various hypothetical relative volatility values, as a function of the
fraction of water remaining. This hypothetical wastewater has a volatile organic fraction of
80%.

Now, if only the volatile fraction is considered, equation (14) may be transformec to
yield

log ?¢ = (Kg/a) log [Mg/M,] (15)

where & = (Fy — Fp )/Fy is the fraction of the original volatile fraction
remaining at run time t.

A log-log plot 9 vs [Mgy/M¢]experimental data yields information about K¢/a. Reinhardt
(19) has demonstrated that Kg/a is not constant if the wastewater contains several
components with different relative volatilities. By the use of a graphical interpretation
technique, as shown in Figure 3, and equation (15) it is theoretically possible to establish
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the volatile and non-volatile organic concentrations and an estimate of the relative
volatilization rate by a single packed column desorption experiment on a ssmple of
wastewater.
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SECTION VI
EXPERIMENT FABRICATION, MATERIALS AND METHODS
Packed Column Volatile Component Desorption Apparatus

initial packed column desorption studies were performed by McAlister, Turner and
Estridge {1). The column employed was of pilot scale dimensions. 1t was a square columnar
gas-liquid contacter of 232 square cm. (0.25 square ft.) crosssectional area and Plexiglas
construction. Overall height was approximaiely 3.66 meters (12 feet), 3.05 meters (10 feet)
of which were packed with Poly-Grid media stacked verticaily on 2.86 c¢m. {1 1/8 inch)
centers. The experimental work performed on this pi'ot scale tower gave excelient
desorption results and was an aid in predicting the effect of air stripping as a wastewater
treatment operation,

The above describsd tower was much too large to be practical as a routine laboratory
test apparacus for desorption studies. As has been pointed out previouély a packed column
desorption device has been demonstrated to be the best possible'desorption apparatus from
an operational point-of-view. Two laboratory or bench scale, packed column desorption
devices were employed in the present study.

Raschig Ring Column Desorption Apparatus

A schematic of this apparatus is shown in Figure 4. The apparatus was bench scale and
was placed in a standard {aboratory hood enciosure. ‘

Glass tubing was used as the column shell. The inside diameter was 4.76 cm. (1 7/8
inches) and the wall thickness was .318 cm. (1/8 inch). The length of the column was .914
m. {3 feet) with a bed support 15.24 cm. ({6 inches) from the bottom of the tube. The
bottom 15.24 cm. (6 inches) of the tube was graduated in inch marks. The bed support was
3 circular piece of stainless steel wire screen which rested upon glass knobs on the inside of
the .tube wall. Ceramic Raschig rings, 1.27 cm. (1/2 inch) size, were used as the packing
material; the rings were placed on top of the bed support to a height of .619 m. {2.0 feet). A
clearance of 15.24 cm. (6 inches) remained above the top of the packing. The column was
secured in a vertical position with the aid of a bubbie level.

A four liter glass beaker was used as the solution catch basin. The bottom of the
column was elevated above the counter top so that the beaker could be positioned
underneath. The beaker was adjusted so that the bottom of the column was submerged in
the solution held by the beaker. This offered a liquic seal for the bottom of the coiumn.
This seal could only withstand a pressure of approximately 1£.24 cm. (6 inches) of water.
Tygon tubing and a variable speed pump were used to pump the liquid from the catch basin
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to the top of the column. The solution was allowed to exit from the Tygon tubing and fall
approximately 2.54 cm. (1 inch) to the top of the packing. From the top of the packing, the
solution sought its own path down -through the packing, finally, irto the catch basin. A
thermometer placed in the catch basin measured the temperature of the solution.

The - countercurrent flowing desorption gas used was compressed air which was
obtained from an air wutlet within the hood. Betore entering the column the air passed
through the following devices: a water trap; a drying agent {DRIERITE) to remove water
vapor; a pressure regulator; a pressure gauge; a valve; and an orifice plate (.254 cm. = 1/10
mch}. The orifice differential pressure was measured with mercury manometers. From the
orifice outiet, the air traveled through Tygon tubing which ended inside the tower about
1.27 cm. {1/2 inch) beneath the wire screen suppart. A thermometer placed in the air line
after the orifice meter measured the dry bulb temperature of the entering air.

Solution samples from the catch dasin were withdrawn with a volumetnc pipette. The
samples were placed in rubber stoppered test tubes and stored in a refrigerator at ~35°F
{~2°C) until time for analysis. A low temperature is needed to minimize loss cf volatiles
during sample storage.

Operating conditions:

Solution or wastewater volume placed in catch basin beaker = 2 1/2 to 3 liters.

Solution flow rate = 700 ml./min.

Air flow rate = 52.8 I. at STP/min. {(1.83 SCF/min.).

Pressure at column outlet was ambient atmospheric.

The quantity of water lost by evaporation was obtained by initial and final weight
of water in the catch “asin beaker with allowances made for water retained
in tubing, packing and co!umn.

15 mi. samples were obtained from the bea z. every 15 minutes for a period of 3
1/4 hours (14 samples total).

Intalox Saddie Column Desorption Apparatus

Experier:ce obtained with the above device led to the fabrication of a still smaller
column desorption apparatus. An illustration of this device is shown in Figure 5. Three
models were attempted before this one was decided upon. Glass shot packing proved to be
inadequate at the high gas/liquid ratios desirable for a short experiment time,

The column consisted of a male ground glass joint {~20 cm.) topped with a glass funnel
with a 10 cm. (large) opening. The internal diameter of the column was 3 cm. and a stainless
steel screen, supported on glass indentures, was placed near the bottom but above the
ground glass joint. The column was packed to 3 height of 15 cm. with .953 em. (3/8 inch)
intalox saddles. The top inlet nipple was fitted with a sample aperature {(see illustration).
The catch basin consisted of a erlenmeyer flask {500 ml.) fitted with a ground glass female
joint. An air inlet nipple and liquid outle: nipple completed the desorption apparatus. The
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relative positions of the nipples is shown in Figure 5.

Auxiliary equipment necessary 1o operate the apparatus consisted of a parastaltic
pump (threaded tubing iype with removable pump heads), magnetic stirrer and hot-plate
combination, bottled dry air and pressure regu'ator. Interconnecting tubing was Tygon,
Consult Figure 5 for arrangement of the pieces of equipment. A thermometer (Hg type)
placed in the funnel opening under the downspout measured the liquid temperature.

Operaung conditions and procedure: .

Assure agparatus s clean and dry and contains the required quantity of packmg in
the joint and the stirrer bar in erlenmeyer flask. Assemble rr odified joint and
erlenmeyer flask as shown in Figure 5.

1.

2.

10.

11.

Calibrate parastaltic pump with plastic tubing {Tygon or equivalent) and set
flow rate at about 150 ml./min. with tap water {130 to 160 ml/min. range).
Connec* a .9 — 1.2 m. (3 — 4 {t.) length of this tubing to bottom nipple on
erlenmeyer and nippie on joint.

Add 300 to 350 ml. of wastewater to the apparatus through the funnel
opening. The sample added should contain a minimum of floating,
suspended or settleable solids. Record the exact quantity of sample added.
Weigh assembled appearatus, uttached tubing and wastewater as a single unit.
Record this initial weight.

Thread the recycle tubing through the narastaltic type (squeeze) pump.
Connect dry, oil free laporatory (or bottled) air to the top nipple of the
erlenmeyer with rubber tubing.

Adjust apparatus and contents to 25°C.

Start magnetic stirrar and adjust pump to deliver water to packing at preset
(150 ml./min.) rate. Maintain this liquid rate (130 - 160- mi./min.)
throughout the experiment.

Upon starting pump take an initial sample {1 ml.) immediately. Carefully
record the quantity of sample withdrawn and the time.

Immediately after starting pump adjust and maintain air flow rate so that
flooding is incipient (~ 12.1 l./min. at STP). Maintain this air flow rate
throughout the experiment. Flooding is an undesirable phenomena in
countercurrent packed columns that is characterized by excessive liquid
hold-up in the packing, so that the gas begins to bubble through the liquid
and eject liquid droplets out the top of the apparatus.

Operate in this fashinn for a period of one to three hours. Wlthdraw and
record volume of samt:les (usually 1 ml.) at convenient time intervals (5 —
10 min.). Adjust the temperature of the liquid to 25°C + 1°C by means of

hot plate or heating tape pizt:d around the base of the erienmeyer. The

entering dry air will cause the water in the apparatus to cool significantly
—-25—
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due to the evaporative loss ot water, Heating will be necessary to maintain a
25°C operating temperature.

12. Upon completion of the experiment stop the air flow, shut down the pump
and turn the heater off. Record the final run time. .

13. Withdraw the final sample.

14. Disconnect the air tubing f{rom erlenmeyer and unthread the liquid tubing
from the pump.

15. Reweigh the assembled apparatus, attached tubing and remaining
wastewater as a single unit, Record this weight.

16. Disassemble apparatus and clean parts in preparation for next run,

17. Keep samples under refrigeration (~35°F = 2°C).

Wastewater Test Methods

Samples obtained from the desorption apparati were analyzed for their organic
concentration. Analysis performed were: 5 day biochemical oxygen demand {BOD;g),
chemical oxygen demand {COD), gas chromatograph (GC) and tota! organic carbon (TOC]).

For the BODy; and COD tests, the apparatus and procedures deséribed in Standard
Methods (20) was employed. For the GC analysis a Perkin . imer Mnde! BOO equipped with
1.83 m. ({6 foot), .318 cm. (1/8 inch) O.D. columns was used. Separation columns used
were:

amine and K-400 on 35 mesh size particles
15% Chrom-W on 80 — 100 mesh size particles
The flame ionization unit on the chromatograph was used exclusively with a Speedmanc G
.recurder One microliter to ten microliter samples were employed.

TOC analysis were performed by instrument also. An Oceanographic International
Mode! 0524 (ampule type) was employed for the bulk of the experimental work. A _
Beckman Model 315 {injection type} Total Organic Carbon Analyzer was used on samples
from eight desorption experiments.

A single inorganic desorption experiment was performed with ammonia. Standard
Methods (20) was employed in the ammonia analysis.

Experimental Data Handling Tachniques

The raw data obtained frcm the desorption experiment consisted of:
a)  independent variable time {t) in minutes
b} dependent variable water content (M) in grams and
c) dependent variable organic concentration (C;) in mg0,/l, mgC/i, or area
units/I.
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The water content at eaci. tims is proportional to the run time and the total quantity of
water vaporized during the run. The total quantity of water vaporized is computed by:

AMT=W;~Wg+tneam (16)

where A My = total mass of water vaporized during experiment, grams
Wi = initial weight of desorption apparatus plus water sample, grams

Wy = final weight of desorption apparatus and remaining water at end
of run (tf), grams

n = total number of samples withdrawn from apparatus

& m = ndividual sample size withdrawn from apparatus, yrams.
The water content at any time, t, is coniputed by:
M = Mg — 4 M{t/tf) (17)
where tf = experiment run time, minutes.

Water in the ““as procured” conditinn (i.e., with interfering chemical species if originally
present) is vaporized at a constant rate if temperature, air humidity, air rate, liquid rate
remain constant throughout the run. Table 3 cortains an example of the raw data.

The raw experimental data appears in the Appendix.

Data analysis techniques with individual species tests or single pure components in water —
The quantity of species i in the wastewater sample (Xjo) is obtained from the initial sample
withdrawn before the desorption experiment is performed. Equation (10) is the
mathematical tool employed to obtain the relative volatilization rate {i.e., K;/a) of species i.
K;/a can be obtained graphically by preparing a log-log plot of X;; and (My/M,) as directed
by Equation 10. The slope of a straight line through these raw data points yields ( Ki/a —1).
Approximately the same result can be achieved by the use of linear regression. Equation
(10} is linear and of the form: :

Y =a+bX . (18)
where Y = log Xj¢,
= log Xjo.
b = —(Ki/a-1),
= fog [Mg/M,].
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Typical Desorption Experiment Raw and Transformed Data-Fibers, Chemical and Plastic Industry Sample

TABLE 3

A. Raw Data B. Transformed Data
t,time M,, water Cq.organic M/M,y Cy/C° Fy Ye

{min.) {grams) {mg C./1)

0 300. 452 1.000 1.000 1.000 1.0uC

5 296.5 432 9883 9558 .9446 8448
10 2903. 413 9767 9137 8924 .6986
20 286. 397 9533 8783 8373 5443
30 279. 379 .9300 8385 .7798 .3832
40 272. 375 9067 8296 7522 .3059
50 265. 361 8833 .7987 .7055 1751
55 261.5 365 8717 8075 .7039 1706
60 258. 366 8600 8097 6964 .1496

e 0 Fry =643




Multiple linear regression computer software packager can be employed to yield K;/a plus
statistical information related to the best fit straight line correlation {i.e., t-test on
significance of the slope, standard error of the estimate, multiple correlation coefficient,
etc.). Such a software pacikage was employed in all computations of K;/a in this work.

't should be pointed out that the above procedures can also be employed with gross
poliutant measures (i.c., BGLg, COD and TOC) un simulated wastewater consisting of single
pure components in distilled water (i.e., methanol i» water). The above procedures should
not be used if the simulated waste consist af a mixture of pure components added to
distilied water,

Data analysis techniques with gross pollutant measures of pure component mixtures and
wastewater samples — A pseudo relative volatilization rate (i.e., K¢/a) and the original volatile
fraction (F;’,) of a simulated or actual wastewater sampie may be obtained from the data of a
single packed column desorption experiment. Equations {14} and (15} are the directives by
which this data can be obtained. A graphical data analysis technique or an analytical data
analysis technique may be employed. Prior to employing either technique the raw concen-
tration data (i.e., Cy) must be transformed to Fy by:

Fy = (Cy/CT) o (My/Mg) (19)

The graphical technique employs the directive of equation (14) and a plot of F¢ vs (Mi/Mg)
is made on Cartesian coordinate graph paper. The rasuliting plot should be similar to the one
shewn in Figura 3. The non-volatile fraction li.e., Fpp,) can be estimated by visually
extrapolating the data curve to M/M; = 0. The volatile and non-volatile fractions are
related: : '

Fy+Fpy=1 : (20)

Cice the nun-volatile fraction has been obtained equation {15) can be employad to obtain

" Kg/a. A log-log plot of 34 vs. (Mg/M,) yields a line from which K/a can be obtaired.

Reinhardi (19) pcints out that the K¢’a is not necessarily constant if the waste contains a _ .

" mixture of ccrisunends of widely varying relative volatilities. He further points out that a
siope obtained at M{/M,, near unity is indicative of the highly volatile components while a
slope vbtained at the low value of M{/M,, is representztive of the less volatile components. A
non-linear plot, therefore is an indication of more than one volatile organic component in
the wastewater sample. :

An analytical technique was developed to obtain F;w and Kg/a. This analytical
technique was improvised to alleviate the extrapolation step necessary in the graphical
procedure. If Kg/a is small, the extrapolated estimate of Fp,, is very difficult to estimate
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with any deqree ot certainty. The calculated resulis shown in Figure 3 reveal that in a
normal sixty minute run (i.e., M/My ~ .85) Fy is far removed from Fay = .2 for K¢/a <5.

The analytical technique is based upon the heuristic notion that there is a unique value
of K¢/a and equation {15} will be a ““best fit” to the transformed experimental data (% vs.
Mqo/My¢} in a least squares sense. A computer algorithm has been developed which performs a
one dimensional search (Golden Section) for Fp,, on the range [0.0, F {min.)] . The algorithm
produces the unique values of Fp, and K¢/a when the coefficient of variation is a minimum.
The coefficient of variation is given by:

CV =SE/(K/a) (21)
where CV = coefficient of variation
SE = standard error of estimate of correlating equation (15)

K¢/a = least sguares slope of correlating equation (15)

This "ncn-volatile fraction' computer algorithm is reproduced in the appendix along with
documentation for its use.

Wastewater Samples Employed

Simulated wastewater samples — A total of fiiteen (15) pure cnemicals were smployed cn
this project. These pure components were combined with water singly or in inixtures to
create wastewater of various volatilities and volatile fractions. The starting concentrations
were adjusted roughly to 1000 ppm totat carbon content. The pure components employed
were:

acetaldehyde phenol
acetone formic acid
iso-propanol ethanol
methanol ammonia
normal-propanol benzene
furfural styrene
propionic acid sucrose
acetic acid

Industrial wastewater samples — A total of nineteen (13} industrial wastewater samples
repres n....g fifteen different industry types were tested ir. the laboratory desorption
anparatus. These samples were obtained directly from industry personnel, from local city
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wastewater treatment plant operators and a local engineering consultant. The industry types
and major product represented by samples are:

poultry, liquid egg

poultry, turkey processing

pouitry, broiler processing

metat, hand tool manufacture
petroleum production, oilfield blowpit
canning, grape products
pharmaceutical, specific product unkr.own
paper, unbleached kraft

paher, tissue and plywood

food, margarine—shortening
petroleum, refined petroleum products
petrochemical, 1, 3 butadiene
petrochemical, 1, 2 dichloroethane
paj.er (bleached), pulp and kraft paper
fibers, chemicals and plastics

Combined wastewater saniples — A total of two samples were obtained of combined
industrial and municipal wastewater. These samples were obtained prior to the primary

treatment unit from:

City of Fayetteville, Arkansas Pollution Contiol Plant
City of Springdale, Arkansas Wastewater Treatment Plant
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SECTION Vi
EXPERIMENTAL PHASE AND RESULTS
Physical Experimental Results with Pure Components and Simulated Wastewater

Desorption in packed columns is a well established process in both the theoretically
and practical aspects. Since this knowledge is readily available only selected experiments
need be performed to confirm the predicted behavior of this proposed desorption device.
Equations {3), (7) and (10) constitute the critical packed coiumn, batch desorption
relationships.-The predictions of these equations must be verified ty physical experiment in
order that desorption data be interpreted in the proposed fashion. Equation {(3) predicts
that K; is independent of the concentration of component i and dependent only upon the
column, flow rates and species relative volatility. Equation (7) predicts that water is
evaporated from the column at a constant rate dependen't upon the same type parameters.
Equation (10) predicts a log-linear relationship between the concentration of component i
and water in a batch desorption experiment if K; and a are indeed constant.

An extension of the above theory to agueous systems containing more than one
dissolved component has been constructed based on the validity of the single component
model. In general, wastewater ¢ an be envisioned to contain volatile components (i.e., K;>0)
of a quantity fraction, F“’,, and 1. .1-volatile components {i.e., K; = 0} of a quantity fraction,
F:,v. Equation (14) predicts the general desorption behavior of a wastewater containing
volatile and non-volatile organic components.

Selected pure components were chosen to verify the proposed desorption analytical
model. Pure components were chosen based on relative volatilities and on the occurrence of
the species in industrial wastewater. A total of fifteen pure components were empioyed in
various desorption experiments. Selected pure components were combined to fabricate a
“’simulated wastewater’ with a volatile and non-volatile character. '

Raschig Ring Packed Desorption Column — A total of approximately twenty five
experiments were performed with single pure components and simulated wastewater with
the raschig ring column. Four test techniques were employed to obtain concentration of the
remaining organics in the samples. Selected experimental results are shown in Figures 6
through 9. A straight line relationship was the acminant behavior in a// experiments with
single pure components when plotted as directed by equation {10). Table No. 4 contains the
relative volatilization r:te data for the pure component experimenis. All experimental data
was processed on a linear regression computer program and statistical data was generated.
Table 5 contains selected statistical parameters of the various experiments.

Three simulated wastewater experiments were performed with the raschig ring column.
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TABLE 4

Relative Desorption Rates of Selected Pure Components
With Raschig Ring Column

Constituent

Experimental K*/a

TOC BOD(S) COD GC Theoretical
: K/a
acetaldehyde . 207. 207. 171. - 136.
acetone (run 1) 518 98.8 858 55.8 46.3
acetone {run 2) 99.7 36.1 456 48.4 42.1
i-propanol 15.2 2.73 10.7 - 42.3
methanol (run 1) 21.2 7.29 8.91 7.73 284
methanol (run 2) 10.98 13.11 8.84 10.21 20.7
n-propanol 12.4 226 148 - 16.0
n-butanol 10.4 110 18.3 - 6.18
furtural - - 10.0 - -
propionic acid 37 1.51 0.00 - 4.00
acetic acid 223 481 1.00 - 229
phenc' (vun 1) 733 191 557 - 1.00
phenol {run 2) 1.49 1.13 977 - 1.13
formic acid 6.99 - - -~ 1.12

“K is the specific desorption rate of the organic component

3

is the specific desorption rate of water  both in a 45 cm ht x 5 cm diameter,

Raschig ring, packed air stripping (desorption) column.




-

In (XCOD), xCcoD IS IN ppm,

70 |-
65 |-
6.0 |-
55 |
5.0 L | i 1 1
0.90 0.94 0.98 1,02 1.06 1.10

In (M), M, IS IN titers,

Figure 6. Desorption of methanol in water with Raschig Ring Column — COD analysis



70 |-

ln(ch), XGC IS IN ppm,
o
o
T

55 |

| 1 L

5.0

0.90 0.94 0.98 1.02

In (M), Mg 1S IN liters,

Figure 7. Desorption of methanol in water with Raschig Ring Column — GC analysis



70 (-

& o o
=] =] =}
T T 7

inlxgop!. X80D IS IN ppm,
w
=)
¥

g
o
T

0.0 ] L. I |

0.96 1.00 1.04 1.08 2.02
In(My), My IS IN liters,

Figure 8. Desorption of acetone in water with Raschig Ring Column — BODg analysis



8.0
€ 70 |-
[=§
z
2}
Q
d
v
. 6.0 |-
"8 O Ly 0Ly -0
fd
X
€
50 -
! 1 L !
0.94 0.98 1.02 1.06 2.00

In{M,), M, IS IN liters,

Figure 9. Desorption of phenal in water with Raschig Ring Column —~ TOC analysis

1

P



TABLE 5

Raschig Ring E xperiments Linear Regression Statistical Data for Pure Components

Analysis

CoD
GC

TOC
8OD

CoD
GC

TOC
BOD

coD
TOC
80D

TOC
BOD
COoD

TOC

TOC
80D
CoD

TOC
80D
CoD

TOC
B8OD
CcoD

TOC
80D
coo

Standard Error

Methanol-Water

Multiple Correiction

Estimate Coefficient
Exp. 1 (Exp. 2) (Exp. 1) {Exp. 2)
0.054, 0555 0976, 0.974
0.049, 0.081 0973, 0.960
0.257, 0.070 0923, 0974
0.101, 0.114 0885, 0.955
Acetone-Water
1.021, 0.554 0811, 0940
0.704, 0.439 0.777, 0.892
0.698, 0.704 0.680, 0916
0885, 0.474 0909, 0919
Phenol-Water
0.020, 0.016 0563, 0.043
0.028, 0.053 0.279, 0.269
0.030, 0.045 0.679, 0.089
Acetic Acid
.0463 543
.0463 894
0492 >.029
‘ Formic Acid
152 .384
Propionic Acid
0749 293
129 142
0467 617
Acetaldehyde
354 949
665 807
375 920
n-propanol
048, . 987
201 840
044 992
i-propanol
135 813
391 094
A10 B3z

t value
for K/a -1

(Exp. 1) {Exp. 2)

1556117, 15,0396
14.6462, 11.8275
8.3318, 14.8747
6.5929, 11.1035

3.6723, 8.7106
3.0264, 4.4075
1.6050, 4.5585
6.9085, 8.0884

2.3625, -0.1492
-1.0079, 0.9662
3.2048, 0.3095

2.15
6.64
- .0962

J21

- 810
379
-2.07

8.52
3.62
6.64

229
10.3
30.1

8.39
354
6.99



Simulated wastewater No. 1 consisted of ~500 ppm acetone and 500 ppm pheno! added to
distilled water. Simulated wastewater No. 2 and No. 3 consisted of approximately 33J ppm
acetone, 330 ppm phenol and 330 ppm methanol in distilled water. Figures 10, 11 and 12
show the test results for these two simulated wastewaters.

The above experiments with single pure components and simulated wastewater
demonstrated that the general behavior of the experiment results are as predicted by the
desorption model equations, The log-log straight line behavior of single pure components
was as predicted. The volatile and non-volatile multiple component behavior was
qualitatively correct also. The quantitative data shows much variation and this is attributed
mainly to the water evaporation lost from the apparatus. Average water loss for a 180
minute run was.253 grams with a range of 217 to 348 grams for a percent deviation range of
—14.2% to + 37.5%. The errors innerent in accurately quantifying the water evaporated
initiated a search for a more satisfactory desorption device. Other operational problems
included; flooding due to pressure surges in air line, uncertainty in inlet air relative
humidity, inability to control column temperature, three hour run time, and equipment
bulkiness,

Intalox Saddle Packed Desorption Column — Tiniree models of a laboratory scale desorption
column were attempted before the design shown in Figure 5 was adopted. Giass shot .318
cm. 0.D. (1/8 inch) was tried as a packing but proved to be inadequate at the high gas/ liquid
ratios dcsirable of a short experiment time. Run times of one hour were used on virtually all

experiments performed with this column. The adoption of this device simplified the -~

experimental procedure and improved the accuracy of the desorption results. The average
water loss in a 60 minute run was A M = 40.4 grams with a range of 38.5 to 42.2 grams. The
percentage deviation range was —4.7% to + 4.5%. The initial charge volume wes 300 grams
of water.

Additiona! pure component experiments were performed with the Intalox saddle
~ desorption column. Figure 13 contains data on four successive runs with normal butanol.
These data give some indication of the reproducibility of the experiment. A graphical
eye-estimated slope of Ki/a — 1 = 8.11 (see equation 10) is representative of all four runs.
The relative volatilization rate for normal butanol (i.e., K;/a) is 9.11. Similar plots for
ammonia, benzene, styrene and sucrose yielded K/a values of 7.44,79.2, 96.3 and 0.687
respectively. ]

Faulty data analysis and calculation techniques can have a significant effect on -
quantifying the volatile fractions in wastewater, Figure 14 shows the effect of stripping a
1000 ppm sucrose solution for three hours in the Intalox Saddle desorption apparatus. Since
sucrose is non-volatile it should remain in the apparatus. A concentration (i.e., C/Cy) plot
shows the carbon content to increase with time while a quantity plot (i.e., F¢) shows the
carbon content remains constant. A +65% error is evident in the case of sucrose for a three
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Figure 10. Desorption of simulated wastewater No. 1 with Raschig Ring Column,
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hour run. Figure 15 shows the magnitude of discrepancy encountered when concentration is
employed rather than quantity un a normal one hour experimert with a poultry processing
industry wastewater, As run time increases the error increases. '

A series of three experiments were undertaken to determine if certain compounds
could affect the desorption test results. Since desorption is a1 interphase mass transfer
process, compounds were selected which have been known to interfere with the transfer
process Certain substances tend to concentrate at the interface, and may hinder the
interphase transfer of solute. Cetyl alcohol, when spread upor water in remarkably smail
concentrations reduces the rate of evaporation of water into zir by as much as 95% (18).
Surfactants, such as sodium tetradecyl suliate (NaTDS) suppre-ses convection by inhibiting
flow at the interface (21). Goswami {11) reporis that Na, 4PO, reduces the aldehyde
desorption rate. However, this is in conflict with a referericed report that it increased COD
removal in a refirery wastewater from 72 to 90%. Normal butanol was desorbed in the
Intalox Saddle device tn the presences of: 30 ppm (volume) cetyl alcohol, 50 ppm (volume)
NaTDS and 30 ppm (volume} Na, HPQ,. Figure 16 contains the experimental data for these
interference compounds. Cetyl ulcoho! appears to effect the desorption slightly. The
desorption effect of the other twe compounds is not significant.

A gas-chromatograph {GC) may be employed to determine the concentration of some
organics in wastewater. A simulated wastewater was fabricated consisting of known volatile
and non-volatile species. Simulated wastewater No. 4 consisted of equal parts (~ 165 ppm)
sucrose, phenoi, n-butanol, acetic acid, acetaldehyde and acetone. Desorption was
performed in the Intalox Saddle device and GC was used to detect the total organic
concentration. The sum total area of all components was emp!oyed; no attempt was made
to obtain the concentration of individual species. The remaining organic fraction is:

F"A = (A‘/Ao) ° (M[/MO) (22)
where Ft, A = @as chromatograph organic fraction remaining
Ay = total integrator output area at time t, cm2.
Ay = total integrator output area at time initial, cm?2,

Figure 17 shows the test results obtained with the 15% Chrom-W column. Sucrose, phenol
and acetic acid are non-volatile yet >90% of the GC-apparent organics are desorbed in a one
hour run. Gas chromatographic analysis techniques employing total integrated area output
as a3 measure of organic concentration will yield high values of the volatile fraction since the
non-volatile high moiecular weight components may go undetected.
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Analytical Experiment Results

It was mentioned at the beginning of this section that the science of desorption in
packed columns is well established. The foregoing experimental results verify the important
predictions of the desorption model equations. in this section the mathematical equations
of packed column desorption will be employed to study aspects of the experimental
apparatus which would require prolonged laboratory experimentation to verify. Equations
{3) and (7} constitute the important desorption model relationships and witl constitute the
“experimental apparatus’ in this section of the report.

Raschig Ring Analytical Model Results — Model equations (3) and (7} were employed with
the apparatus dimensions and operating conditions of the Raschig Ring desorption
apparatus. This device did not have means of temperature control. Therefore, the
calculations of K/a were performed at actual operating temperature and not at 25°C. The
inlet relative humidity for the calculations is assumed to be 0%, however there is some
doubt whether this condition was consistently maintained during all the experimental runs.
Table 4 contains the calculated K/a values ard are listed under the column titled:
“Theoretical K/a”. In general the analytical model does a fair job in predicting the relative
volatilization rate of pure components.

Temperature and relative humidity is considered to have a large effect on the relative
volatilization rate. Equa‘ion {7) was employed to study the effect of column temperature
and inlet air relative humidity on the fraction of water lost in the column. Figure 18 shows
the effect of temperature and % relative humidity is significant. These predicted results
st:mulated a search for a means of maintaining a high degree of control over the temperature
and relative humidity during the experiment.

Intalox Saddle Analytical Mode! Results — Mode! equations (3) and (7) were employed with
the apparatus dimensions and operating conditions of the Intalox Saddle desorpzion device.
Column temperature is maintainred at 25°C -1°C by means of heating tape or a rheostat
controlled hotplate and dry bottled air is emploved with the [ntalox Saddle device. We
became concerned with the wide variation in liquid flow rate and the effect it may have on
the relative volatilization rate. We attempted to maintain a liquid flow rate at or near 150

- mi./min. Uncontrollable changes in the pumping head, etc., caused the actual measured rate

to fluctuate between 130 and 160 ml./min. Employing the ana'ytical model of the
experimental desorption apparatus, the effect of L{l/min} on K/a for n-butanol was studied.
Figure 19 shows that there is anly a slight variation in K/a (2.4%) for a sizable variation in
L(33.3%). Figure 20 shows a similar study of the effect of the dry air rate. A 10% variation
in K/a was computed for nbutanol for an air flow vanation of 75%. It appears that
moderate deviations in liquid and air flow rates will have a relatively insignificant effect on
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K/a, however increased rates tend to decrease the experiment run time.

Calculated results of the relative volatilization rate of pure components for the Intalox
Saddle device are shown in Table 3. V:.ese caiculated results indicate that the K/a equals the
relative volatility for those components that are non-volatile in nature.

Calculations were performed to develop a correction factor relationship for ar
experimental relative humidity other than 0%. The analytical model results indicated that
the air emerging from the intalox Saddle packed column (15 cm. in height) was saturated
with water and makes possible the foilowing equation:

(Kra)e @ 0%RH = {K/a)e @ E%RH x ( 1100 — E%RH)/100) (23)

where (K/a)p @ 0%RH
(K/a)e @ E%RH

the relative volatilization rate at 0%RH,

the relative volatilization rate at the experiment
relative humidity,

E%RH

the experiment percent relative humidity.

The experimental K/a result obtained when humid air is empioyed will be iarger than *he
standard condition {i.e., 0% RH) value and the above equation should be emp.oyed as a
correction to this standard.

Experiments With Industrial Wastewater Sahples

industry representatives responding favorabty to our request {by letter) for wastewater
samples were instructed to procure and handle the sample as follows:
quantity of sample. 500 ml.
container: small mouth plastic bottle
sample point: total wastewater effluent prior to any treatment operation (i.e., raw)
sample type: single grab aliquot during daytime under normal oberating conditions
sample handling: adjust pH to 3.0 or lcwer, seal cap to bottle with electrical tape or
other type of rubber tape that will stretch and form a vapor seal
sample information: °ll in requested information and attach tag to bottle neck. Tag
contains return address and stamps on face and general sample information on
backside. (requested inforraation was: industry type, major product and daily
wastewater flow)
packaging: no special packaging is necessary. Attach tag to bottle neck.
mailing: place sealed, tagged bottle in U.S. Mail (parcel post).
A total of twenty seven letters were sent to industry representatives. Eight positive
responses and three negative responses were obtained. No response was received from the
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sixteen remaining inquiries. Samples received were both grab and composite types. All
samples received arrived intact and seemed “fresh’, No septic odor was detected.

Eight industrial samples composited {24 hr) by personnel from the City of Springdale,
Arkansas, were obtained. Three industrial samples were obtained fro_m McClelland
Consulting Enginecrs, Inc., of Fayetteville, Arkansas. _ ‘

All industrial samples were processed on the Intalox Saddle device. Three hundred
gram samples were emploved.' Experiment run time was one hour. One milliliter samples
were withdrawn every five minutes. TOC analysis was performed on all wastewater. A
limited number of GC analysis were performed also. Fifty microliter {50 ul) samples were
employed with the TOC and ten microliter samples were employed with the G C. Odor
eminating from the desorption apparatus funnel was noted at various times during the run,
Other details of operation are as reported in the METHODS section. All test results are
reported at standard conditions (i.e., 25°C, ambient pressure, 0% R H ).

Tabie 6 contains the experimenta! results of the nineteen industrial samples. Table 7
contains collabcrative published data from which reliable volatile information could be
ot tained. Figures 21, 22 and 23 display the results of the desorption experiments for twelve
of the industrial wastawater samples. Also shown in these figures is the computer program
estimated uitimate non-volatile fracticn (i.e., Fp,). This extrapolated Fy value is plotted at
M(/MO =0.

Now, once F:w is obtained, it is possible to compute the relative volatilization rate for
the pseudo single component fraction (see equation 15). Figure .24 shows representative
results for four wastewater experiments. Drawn straight lines are computer generated.
Wastewater data exhibiting a non-linear function are interpreted to typify a mixture of
volatile components. Wastewater data exhibiting a linear function are interpreted to typify
single volatile components or sevral components with identical reletive volatilities.

Gas chromatographic analysis were performed on three industrial wastewater samples.
Figure 25 shows the experimental data for a petroleum refinery wastewater. The GC data
tends to show a larger fraction of volatiles than the TOC data. This type of behavior also
occurred wih simulated wastewater No. 4 (see Figure 17). The GC analysis tends to “'see”
only the low molecular weight constituents. » ’

A significant odor reduction was noted as the run progressed on those samples which
had a detectable initial odor. No foaming occurred during any experimental run with pure
components or actual wastewater samples.
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TABLE 6

Air-Volatile Fractions in Industrial Wastewaters

Industry Type, Major Product

Wastewater Raw Conc. Volatile Relative Source
Flow 1000 mg/I Fraction Vol. Rate
ga/da % K/a

poultry. liquid egg products 428 1545. 15.6 5.0 J-7!
poultry, turkey processing 960. 2.1 0. - -7
poultry, chicken processing 360. 78. 4.1 - J-T
poultry, chicken processing 62z. 122. 98.0 10.6 J-T
poultry, chicken processing 547. 206. 0. - J-T
poultry, chicken processing 360. A 80. 6.6 - J-T
metal, hand tool mfg. 76.2 51. 0 - J-T
oil field blowpit ? 102. 194 9.3 J-T
canning, grape products 335. 202. 0. - J-T
pharmaceutical (1) ? 1854. 491 68 -7
pharmaceutical (2) ? 4100. < 32. 29 J-T
paper{unbleached kraf?) 6000. 142, 26.3/635 (GC)?  4.4/8.33(GC) J-T
paper, tissue, plywood 42000. 136. 24.5/66.8 (GC) 8.5 (GC) J-T
food, margarine, shortening 200. 236. 228 5.4 J-T
fibers, chemicals and plastics 12000. 452, 358 129 J-T
petroleum, refined pet. products  20000. 110. 58.0/87 (GC) 10.7/20.6 (GC) J-7
petrochemical, 1,3 butadiene - 2000. 94, 50.6 416 J-T
petrochemical, 1,2 di-chloroethane 432, 92. 575 25.1 J-T
petrachemical, 1,2 di-chloroethane diluted 2:1 60.6 58.7 31.0 J-T
paper{bleached) pulp & kraft paper 22000. 311, 935 5.8 J-T

! Jones—Thibodasux this project work,

As par gas chromatograph analysis,
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TABLE 7

Pubiished Air-Volatile Fraction Data

Industry Type, Major Product

Relative
Vol. Rate
K/a

Source

paper, pulp and kra’lt paper

+ ip, cellulose

unknown, styrene

synthetic fiber, dacron
petrochemical, vinyl chloride
simuiated, six components
domestic, Fayetteville, Ark.
domestic, Springdale, Ark.

Wastewater Raw Conc.?
Flow 1000 mg/i
ga/da
1080. 72 -8390(BOD)
? ?
? ?
N ?
504. 1200.

TUC SAMPLES CONTAMINATED

6000. 254,

53-94(80D)3

8-9

Estridge (1971)
Thibodeaux {1970}
Hiser (1970)

Keen {Private Comm.)
Minott {1973)

3

Evap. condensates 74 & 88%, decker filtrate 53%, turpentine decanter underflow 94%.

4 Total organiv. carbon unless specified otherwise.
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SECTION vill
DISCUSSION -

Experiments with pure components established that a batch recirculating packed
column with countercurrent air flow can be an etffective desorption device. Good
comparison of experimental data with theoretical equations and calculated values instilled a
degree of confidence in the analytical mod:l developed for the desotption apparatus. Table
4 shows the extent to which the experimental results agree with the aralytical model for the
Raschig Ring apparatus.

The experimental results of tests run with pure components appear in Table 4. The
data is w-oulated in order of decreasing relative volatility and the experimental K/a values
display thi; same decreasing trend. There is general quantitative agreement on K/a results
between the various test methods. The data treatment techniques (i.e., slope from a logllog
plot) is sensitive to er-ors in the test methods and may account for the relative wide range of
K/a values. Figures 6 and 7 show that the least square algorithm will yield biased results if
some data are ir strong deviation from the trend. Ideally all test methods should yield -
identical experimental values of K/a for pure components. _

Although the Raschig Ring apparatus displayed sizable errors in water loss, which will
in turn effect K/a, there are instances of agreement between test methods worth noting in
Table 4. The acetaldehyde results show good agreement between test methods. The BODg,
COD and GC results for acetone (run 2) and methanal {run 1) are in fair agreement. All four
test rasults for methanol {run 2) are in fair agreement. The results of both phenol runs are
exceptionally good. Phenol has appruximately the same relative volatilization rate as water
and all six test resuits indicate this with a high degree of absolute accuracy. Considering the
sensitivitly of the log-log correlation to experimental test error it is doubtful that the most
error free data wi!l yield a3 K/a value with a range of uncertainty less than +1. K/a unit.

The agreement between repetitive runs for the Raschig Ring column is generaily poor,
The GC data for acetone in Table 4 is in fair agreement. The COD data for methanol is in
good agreement. The phenol data is good in an absolute sense.

Statistical results (Table 5) of pure component experiments wnth the Raschig Ring
column for K/a reveal that no test method emerges as being superior, however the standard
error is usually less for the TOC and COD tests. Non-zero {with 95% confidence) K/a values
were observed for methanol, acetone, acetalidehyde, n-butanol and i-butanol. K/a values not
significantly different from zero were observed for phenol, acetic acid, formic acid and
propionic acid. This is in general agreement with the theoretical K/a column of Table 4. An
exhaustive set of experiments was not carried out with the Intalox Saddie device.
Recommended Test — An Intalox Saddle device was developed (Figure 5) that displayed the
same experimental behavior as the Raschig Ring device. This modified apparstus required
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less sample, a shorter run time, was simpler to operate and gave considerably more accurate
results. Water evaporation in a one hour run averaged 40.4 grams with a ranje of 38.4 to
42.4 grams for a percentage deviation range of —5.0% to 5.0%. The correspondence o!f
repetitive runs with n-butanol (shown in Figure 13) is indicative of the reproducibility of
the Intalox Saddle device results.

Experiments with selected pure chemicals revealed some intormation about desorption
of solutions containing both volatile and non-volatile components. Desorption of simulated
wastewater revealea that the non-volatile fraction remains in the aqueous phase and a
volatile fraction i> stripped out by the air {see Figure 10, 11 and 12). These simu'ated .
wastewater runs further suggest that the volatile fraction observed depends upon the test
method. For example “Simulated Wastewater No. 2" (Figure 11) was found to contain a
50% volati'e BODg fraction, 3 55% volatile COD fraction and a 685% volatile TOC fraction.

The gas-chromatograph should not be used to measure the volatile fraction in
wastewater samples suspected to contain high molecular weight, non-volatile components.
Figure 25 shows that gross errors can be made by attempting to use the G C for estimating
the voiatile fraction, The high molecular weight species are adsorbed strongly by the.column
and may never reach the detector. The volatile G C fraction may be 100% in most cases
since it is typicaliy the low molecular weight components that are selectively adsorbed and
desorbed.

Results of the analytical model study reveal that the desorption experiment K/a result
is sensitive to some operating parameters and insensitive to others. Column temperature and
inlet air relative humidity should be controlled as accurately as possible {25°C + 1°C and 0%
R H). Moderate variations in the gas and liquid rate will have httle effect on K/a. The
desorption column shouid have a f icked section Hg g ; {height of transfer unit) equivailent
to or greater than 15 cm. of .318 cm. (1/8 inch) Inwalox Saddles. The ultimate volatile
fraction (i.e., F;) is not effected by column operating condition, however the minimum Fy
observed will depend upon run time. ldeally F“’, cannot be measured experimentally despite
the length of the run time. The rate of removal of a volatile component apbroaches zero but
can never reach it. _

Experiments with compounds known to interfere with the mass-transfer process reveal
some effect on K/a particularty with cetyl alcohol. Since desorption experiments will be
performed with the wastewater in the “as found’ state, care should be taken to exclude
these extraneous compounds from the apparatus operation,

Desorption experiments on actual industrial wastewater samples was the final test for
the apparatus. Nineteen samples were tested and were found to contain a range of volatile
fractions. Sixty minute runs yielded experimental volatile fractions (Fgg) of 0% to 70%.
Ultimate volatile TOC fractions (i.e., Fy) ranged from 0% to 98%. Relative volatilization -
rates ranged from 4.4 to 41.6 based on TOC analysis {see Table 6). The widely scattered
data for the paper industry samples is possibly due to fiber fines that cause high organic
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concentrations to be measured on the total carbon analyzer. In general all the industrial
sample results display a behavior predicted by Equation {14). Some samples contain
volatiles which display low K/a values and a sixty minute run time is too short for
accurately determining F:,. The poultry sample i1 Figure 21 and the paper and
pharmaceutical samples in Figure 23 are examples. Figure 24 shows that relativeiy
consis ant values of K¢/a can be obtained from a desorption experiment. This figure
repiesents the results of only the most consistant data resuits. Plots of this type are possible
only if the wastewater test methods are pertormed with extreme care and utmost accuracy.
No operating problems were encounterea with any of the experimental runs. Significant
odor reduction was noted during the experiment.

The Intalox Saddlie device as described above appears to be ideally suited to perform
desorption studies on industrial wastewater sampies. It has a number of inherent advantages
over sparged vessel type dev.ces and hoilow fiber devices (see Appendix C). The foremost
advantage is that it simulales the desorption (or stripping) process as it occurs in cooling
towers. The main advantages of packed column desorption are:

a)  the apparatus is simple and the elements are readily available

b) the operation is simple to control and the experiment run time is short

c) standard wastewater test methods ca» be employed with the experiment

d) data handling and interpretation require elementary graphical or mathematical

techniques.

e) acorrection is availabie for air with a humidity other than 0% ] H

f)  the results are somewhat insensitive to operating conditions (except for

temperature)

g) samples that have a tendency to foan. when contacted with air can be readily

handled.
The main disadvantages of the packed column desorp.' >n device are:

a) column temperature must be maintained constant (i.e., at 25°C, cooling tower

inlet temperature, etc.)

b) samples should be kept in a chilled state before and after desorption

c) run times of greater than one hour may be desirable on some samples

The apparatus design and the organic concentration test method are somewhat related.
The TOC (instrumental) test is possibly the best technique for measuring F, and K¢/a due to
the present accuracy of these devices. If COD or BOD is enployed, relatively large samples
will be required from the desorption apparatus. A large flask {(~ 1 liter) should be employed.
COD and BOD are both useful for measuring F:, and K¢/a. The GC should not be employed
for Fy, measurements. Ks/a measurements can possible be estimated from GC results.

One most important use of this device is the simulation of stripping of volatile
components from wastewater in industrial size cooling towers. An experimental value of
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K/a is obtained from the Intalox Saddle desorption device operated at the proposed inlet
water temperature. This relative volatilization rate is employed with an equation developed
by McAlister, Turner and Estridge (1) to obtain the percentage extent of treatment by
stripping in a cooling tower. The equation is A

_(Kgfa) agt (1 4+ B/L)

= 24
(KJa) agT + B/L (24
where R = percentage of treatment by stripping
acy = fraction of water {ass in cooling tower
B8 = blowdown rate from tower basin, i./min,
L = water flow rate to tower, |./min,
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SECTION XI
GLOSSARY OF SYMBOLS
FREQUENTLY USED ABBREVIATIONS

ac = alternating current

BOD, = biological oxygen demand {5-cay, 20°C)
°C = degrees Celsius

cm = centimeters

COD = chemical oxygen demand, mg0O,/I.
da = day

Exp = experiment

EXP = exponent (e = 2.71828)

°F = degrees Fahrenheit

ft = feet

ga = gallons

G C = gas chromatograph

Hg = mercury

in = inches

= liters
log = common logarithm (i.e., base ten)
m = meters :

mg = milligrams

mgC/! = milligrams carbon per liter

mg0, /1 = milligrams oxyyen per liter

min = minutes

ml = milliliters

n— = normal

PCBg = polychlorinated biphenyls

pH = ~log[hydregen ion concentration in gram ions per liter]
ppm = parts per million

RH = relative humidity

SCF = standard cubic feet (i.e., 13 at 32°F. and 1 atmosphere)
STP = standard temperature and pressure {i.e., 0°C and 760 mmHg or 32°F and 1

atmosphere)
TOC = total organic carbon
v = volts

wrt = with respect to
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% = percent

> = greater than

>>> = much greater than
~ = approximately

= = approximately equal
= a definition

= infinity

m

8§

SYMBOLS
Roman

A = integrator area, cm?2,

a = fraction water lost in column {dimensionless), regression equation constant

B = blowdown rate from cooling tower, |./min.

b = regression equation slope

C = concentration of gross organic pollutant measures (i.e., BODg, COD, and TOC),
mg/l. V

CV = coefficient ot variation {standard error : mean)

E = axperimental percent relative humidity, %

F = organic fraction {0 < F < 1), dimensionless

G = gas flow rate through column, (g-n.oles)/{min}{cm?)

H = height of a transfer unit, cm.

K = fraction of a volatile component lost in column, dimensionless

K/a = relative volatilization rate of a volatile component wrt watar, dimensionless

L = liquid flow rate through column, (g-moles)/{min){cm2) or (g-mol.s)/{min)

M = quantity of liquor, grams. AM = change in quantity of liquor, grams.

m = sample size, grams. Am = individual sample size, grams.

n = number of samples

p = vapor pressure, torr. or mmHg. A

R = removal of BOD, COD, TOC in a cooling tower as a fraction or as a percent of it in
fead liquor.

S = stripping factor, dimensionless

SE = standard error of estimate of regression equation

t = time, min. or statistical t-value,

W = weight, grams

X = independent linear regression variable

x = mole fraction in liquid, dimensioniess. liquid phase concentration {same dimensions
as C but fer single components)
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Y = dependent linear regression variable
y = mole fraction in gas, dimensionless
. Z = neight of packed section of desorption column, cm.

Greek

« = relative volatility, dimensionless
Y = activity coefficient, dimensionless
4 = fraction of the original volatile fraction remaining, dimensionless

SUBSCRIPTS

CT = cooling tower
e = experimental
f = final
i = volatile component
ii = inlet concentration of component i
i0 = outlet concentration of component i
} = non-volatile component
{0 = initial concentration
m = total number of non-volatile components or designates a molar quantity (i.e.,
moles)
n = total number of volatile components
nv = non-volatile
. 0 = original or initial
OG = overali gas phase
R = ratio (i.e., stripping factor ratio)
s = a pseudo volatile component
T = tower or column
t = at time t {i.e., one of many sample times)
v = volatile
w =\vater
x = liquid phase

SUPERSCRIPTS

o = original or pure component
* = in equilibrium '
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Experiment 1

conponent(s) methanol-water
initial _concentration approx. 1000 ppm methanol in }120
initial charge voliune 2876 ml
water vaporiced 245 ml
1iquié Tlow rate ' 700 ml/min (4,840 1bs/HR-1t2)
;as [iow rate 1.828 fts/min AP = 11" Hg
iniet éry bulb temperature of air 77 °F '
inlet wet bu:d temperature of air 68 °p
1iguid temperature 68 °r
Time into Experiment Anzlvsis Concentrations
Ced GC TCC BOD
(min) (ppm Me(H) (ppm MeCH) (ppm HeCH) (ppm MeCH)
0 . 805 550 570 520
15 134 538 424 530
30 718 522 320 493
45 : 685 492 251 560
60 636 442 251 487
15 615 432 251 477
30 598 423 214 447
105 - 528 401 181 453
120 49 390 165 333
135 474 365 101 420
150 442 340 €7 350
165 421 325 120 400
130 339 2no 120 300
135 405 312 67 300
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Experiment 2

components ) methanol-water
initia: concentration approx 100 ppm methanol in water
initiai charge voiume 2913 ml.
water vagporized 245 ml,
liguid fiow rate 700 rnl/mm. (4,840 lbs/HR-ftz) .
cas flow rate 1.828 1t3/min.
inlet dry bulb temperature of air 78° F
iilet wet bulb temperature of air 66° F
lijuid temperature 66° F
Pite in.0 Experiment Analysis Concentrations
CcCD GC TOC BOD
{min) (ppm MeUH) (ppm MeOH) (ppm MeOH) (ppm MeCTH)
0 96 1030 412 580
15 826 970 395 510
30 787 325 M7 440
45 723 842 347 410
V) 686 812 288 460
75 632 820 288 340
30 611 595 238 40
109 630 710 248 330
120 563 630 ' 231 280
135 546 610 206 220
150 499 560 197 260
165 493 512 206 220
180 429 470 181 180
195 < 434 438 160 200
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Experiment )}

components ) acetone-water

initial concentration approx 1000 ppm acetone in water
initial charge volume 2912 ml '
water vaporized 174 ml
liquid flow rate 700 m}/min 4,840 lbs/}lr-f‘tz)
cas flow rate 1.828 ft3/min
inlet dry bu.b temperature 75° F
inlet wet bulb temperature ' 63° F
liquid temperature 63° F
Time into Experiment Analysis Concentration (ppm ACETONE)
(minutes) CoD GC T0C BOD
0 1223 1000 851 554
15 134 866 515 412
30 470 410 298 256
45 258 281 185 142
60 . 179 160 106 106
15 111 108 0 62
90 89 68 o] i
105 11 83 0 27
120 14 0 0 10
135 0 0 0 3
150 1 0 c 2
165 (4] 0 o 2
180 o 0 0 o
195 ) o 0 2



Experiment 4

coirponents acetone-water
anitial concentration approx 1000 ppm Acetone in water
initial charge volune 3013 m.
water vaporiced 268 ml
liquid flow rate 700 mi/min (4,840 lbs/Hr—ftz)
air flow rate : 1.828 ft3/min .
inlet dry bulb temperature 82° r
nlet wet bulb temperature 640 ol
ilquid teaperature 64° »
ime 1nto hxperinent lnalysis Concentrations {ppm Acetone)
{min) b GC ™C BOD
0 157 340 563 353
15 433 545 249 126
30 225 300 145 149
45 133 210 56 85
60 A 13 145 24 51
15 ‘ 55 85 8 41
90 o) 100 3 k7
105 14 0 3 2
129 0 0 o] 24
135 4 0 ) 7
150 12 0 0 17
165 13 0 () 17
130 11 0] 6] 1
125 1 0 0 14
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Experiment S

components Phenol-water
initial concentration approx 1000 ppm Fhenol in water
initial charge volume : 2937 ml
water vaporized 251 ml
liquid flow rate _ 700 al/min
air flow rate 1.575ft3/min. 9.5" Hg
inlet dry. bulb temperature 7 83° F :
inlet wet bulb temperature 67° F
liquid temperature 67° F
Time into hxperimernt Analysis Concentrations (ppm Phenol)
(min.) CoD GC TOC BOD
0 973 509 636
15 950 417 636
30 949 430 611
45 322 490 623
60 987 473 598
75 969 465 519
90 960 496 611
105 967 487 519
120 979 487 - 566
135 953 487 611
150 294 514 579
165 975 487 611
180 993 490 579
195 1002 509 578
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Experiment €

cunpoLents Pheroi-water
initial concentration , approx 1000 ppm Fhenol in water
iratial charge volue 2355 mi
water vaporiceu : 241 nl
iiguid fiow rate ' 700 al/mir.
air flow rate 1.545 ItB/nin
ir.let ary bulb temperature 80° ¥
iriet wet bulb temperature 61°
liguid temperature 67° ¥
Pime _into Experiment tralysis Concerntrations (ppm Phenol)
(min) Cub GC TOC BCD
o 9438 - 386 648
15 266 400 604
30 240 438 679
45 734 403 686
€0 232 ' 419 611
15 FAN 413 661
30 940 426 686
109 241 412 673
120 934 354 626
135 713 386 635
150 ' 943 401 641
165 ‘ 944 401 667
130 932 400 517
195 964 v 400 - 654

-~ 80—



Experiment 7

components Acetone~fhenocl-kater

initial concentration " approx 500 ppm Acetone + 500 ppm Phenol in water
anitiacl cﬁarge voluﬁe 3027 ml
vater vaporized 215 ml
1iquiu {low rate 700 ml/nin
air flow ruate 1.828 f:3/m1n
in.et ary bulb temperature 75° F
iriet wet bulib temperature 64° F
liguid temperature 64° F
Time 1nto ikxperimert Analysis Concentrations
CcoD TOC BOD
(mir.) ~ {ppm uxygen) (ppm C) (ppm Cxygen)
0 2064 378 1450
15 1741 310 1275
30 1564 275 1080
45 1512 250 985
60 1332 253 555
75 1255 253 930
70 1259 250 890
105 1263 248 840
120 1340 238 860
135 1236 232 840
150 1244 225 86%
165 1276 225 855
1380 ' 1232 200 825
195 1268 208 845
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Experiment 8

components Acetone, Phenol, Methanol, and Water
imatial coucentration approx 33! ;pm of each organic component in
mmitial velume charge 2,50 ml the water
water vaporized 21t nl
iiquad {low rate 700 ml/m'm A
air flcw rate 1.828 ft3/mm
irlet dry buib temperature 'Mo by
iniet wet bulb temperatare 63° p
iquid temperature 630 P
Time intc Hxperiment Ar.al1ySis Corncentrations
Cuo T™CC BCD
(mirn) (pp= oxygen) (prm carbon) (ppm oxygen)
0 2032 350 1330
15 1650 . €70 1155
30 1521 530 1020
45 1385 . 510 915
60 1304 : 545 900
75 1242 470 195
30 1187 451 310
105 1022 435 135
120 1007 336 . 165
135 ' 360 355 720
150 934 - 375 630
165 920 339 675
130 917 330 615
195 ' . 923 . 305 705
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Experiment &

“components Acetone, Phenol, Hethanol, and Water

initial concentration approx 333 ppm of each organic compond in water
initial volume charge 2970 mi

water vaporized o134 ml

-iquid flow rate 700 ml/min

air flow rate 1.828 ft.3/min

™

‘inlet dry bulb temperature 78° i

inlet wet bulb temperature 68°

liquid temperature 68° 1

Tine in%o BExperiment : . Jnalysis Concerntration
cuD BOD

(ain) (ppm oxygen) {ppm oxygen)
0 1948 1350
5 1313 1250
10 1695 114C
15 : 1458 1050
20 1446 960
25 | 1430 3¢
30 1332 810
35 1338 ~ g70
60 1238 750
45 1267 810
50 1184 750
55 197 750
€0 ‘ 173 630
65 1138 690
70 1135 720
75 “wer 180
39 - 1107 ' 660
35 _ : 1075 630
0 - 1104 810
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coaponents .
ini1tial concentration
initial volume charge
water vaporized
liquid flow rate

air flow rate

inlet air humidity

Time into kxperiment

(min)
4]
15
30
45
60

Experimeat 1-18=73

TEMP
(¥

68
66
66
64
64

formic acid -~ water
appéox 1000 ppm
3500 ml

223 ml

610 ml/min

1465 £t3/min

less than 30%

Analysis Concentrations

coD
(ppm 0,)

TGC BOD
(ppm C) (pem 0,)
967.7
652.0
757.0
767.0
-748.0



Experiment 2-26=73

components

initial concentration
initial volume charge
water vaporized
liquid flow rate

air flow rate

inlet air humidity

Time into Experiment

TEUP

(min) ( #°)
0 11

15 68.5
30 68

- 49 5.5
60 64
15 63
90 63
105 63
120 63
135 63
150 63
165 63
180 63

acetic acid -~ water
approx 1000 ppm
3367 ml

233 ml-

570 m1l/min

1465 £t3/min

less than 30%

Analysis Concentrations

CoD

(ppm 0,)

1223.0
1079.3
1092.4
1076.7
1063.6
1208.1
1120.9
1178.0
1054.4
1131.3
1157.2
1131.3
1120.9

T0C 30D
(ppm C) (ppm 0,)
950.0 1410
187.5 1305
850.0 1305
837.5 1335
837.5 1350
775.0 1335
787.5 1260
812.5 1290
800.0 1200
800.0 1065
806.3 1080
800.0 1125

800.0 1065



Experiment 3~3~73 '

- components

initwal concextration
1nitiwal voluae cmarge
water vaporicec
iiquid flow rate

air flow rate

inlet air humdily

Time into Exper:nent

TEMP

(mn) ()
o 75
15 70
30 63
45 67
60 66
+0 €€
120 66
150 66
10 ¢6

propionic acid -~ water

approx 1000 ppm
3723 ml

348 m

570 m)/min

1465 £t3/min
less than 309

Analysis Concentrations

CcuD
{ppm G,)
1149.1
1210.8
1287.9
1318.8
13A5.0
1324.3
1272.1
1307.4
1356.1

- 86—

TCC
(ppm C)
662.9
713.7
353.2
113.7
745.1
796.5
790.3
765.3
755.4

BOD
(ppm 0,)
960
810
930

1020
810
735
930

215
810



compeonents

initial concantration
rnitial volume charge
water vaporized
liquid flow rate

air flow rate

inlet air humidity

Time into Experiment

(min)
0
3
6
9
12
15
20
25
30

Experiment 3-23=73

Temp
(F%)
75
14
72
12
T
10
63
63
63

acetaldehyde - water
approx 1000 ppm

3501 ml

260 ml

570 m1/min

1.65 £t3/nin

less than 30%

Analysis Concentrations

CuD TOC - BOU
(ppm 0,)  (ppm C) (ppm 0,)
1467.3 599.5 1050
1287.4 462.0 810
1129.8 416.2 690

992.2 397.8 630
844 .6 297.0 450
721.6 242.0 510
590.4 150.3 630
475.6 141.2 330
377.2 95.3 30

—-87-



kxperiment 4-13—73

‘conponents . propar.ci = water .
initial concentration approx 1000 ppm
initial volume charge 3341 mi
water vaporized A . - 237 ml
iiquid fiow rate 540 ml/min
air flow rate : 1.65 ft3/min
iniet air humidity - lecs than 30%
Time into Exneriment Mnalysis Concentrations
TES CoD - TOC BOD
(min) (r°) (ppm 0,)  (ppm C) (ppm 0,)
o] T2 1822.2 663 1125
5 68 1802.2 600 1035
10 68 176%Z.1 %67 1095
15 67 1722.1 617 1035
25 67 1642.0 583 975
35 66.5 1533.5 517 975
45 €6 1441.7 517 960
60 66 1261.5 467 900
75 66 1121.3 457 840
p2) 66 1061.3 417 795
105 66 980.0 420 705
120 66 920.0 317 570
135 . 66 860.0 333 375
150 66 760.0 317 330
165 66 T20.0 200 270
180 66 720.0 267 180

- 88 —



Experiment 4-18-73

comgonents isopropanol - water

in. ¢ial concen*ration approx 1C00 ppm
initial voiume charge 3546 ml
water vaporized 211 ml
iiguid flow rate ' 540 ml/nin
air flow rate ‘ 1.65 ftj/min
inlet air humidity less than 307
Jime into Experiment Analysis Concentrations
TP CuD " TCC BCD
(min) ) (ppm Un)  (ppa C) (ppm 0,)
0 80 1360.0 617 150
5 —_ 1530.0 600 60
10 74 1520.0 550 150
15 72 1380.0 500 60
25 70 1344.0 533 90
35 58 1256.5 500 90
45 : 63 1220.0 667 60
€0 67 1142.2 467 . 150
15 €6 1006,.7 450 90
70 66 1232.4 350 60
105 66 11755 330 60
120 66 1175.5 300 90
135 66 109.7 267 60
150 66 1080.7 n7 60
165 - 66 111.4 2 90
130 66 815.3 nr 150

-89 -



Experiment 6-1-73

componente

initial counceniration
initial volume charge
water vaporized

liquid flow rate

air flow rate 1

inlet air humdity

Time into ixperinment

sucrose - water
approx 2000 ppm
3612 ml

942 ml

540 ml/min

<65 £t 3/min
lesc than 30%

Analysis Concentrations

TEIP CLD
(nin) () (ppm 0,)
0 72

30 5 —_—
60 68 —_—
)0 63 ——
120 €8 —
) 150 8 —_—
180 63 —_—
210 %8 —
240 (6 —_
276 €6 —_—
300 45 —
330 66 —
300 ) —
30 66 —
420 66 —_—
420 14 —
450 68 ——
480 66 —
510 56 —
540 oG ——
510 3 —
537 s —

-90 -

TOC
(ppm C)
1780
1800
1800
1870

1950
1820
2040
2100
2020

2120
2230

2190
2210

2330

2210

to

0D
(ppm ©

N

)



bxperiment 7-17-73

industry ' poultry - broiler pfocessing
initiai concentration ‘ " pure waste
anitial weight charge 300 gm
water vaporized o 41.1 gm
liquid flow rate ' 112 ml/min
air flow rate 0.6 ft3/min
ary air . air bottle \
liquid temperature : 2§° C
Iarie into Lkxperiment . Analysis Concentrations
TCC
(minutes) _ (ppm Carbon)
o 3037
5 2837
10 3060
15 3200
20 ———
25 —
30 —
35 —
40 —
45 ——
50 ——e
55 —
60 3670

-91 -



bxperiment 7-18~73

wndustry ) metal - forge and plating
initiai concentration ) pure waste
inmitiel weight charce 300 gn
water vaporized 38.7 gm
liquid {low rate 125 mi/min
air flow rate 0.6 ftB/min
ary air air bottle
i3gula temperature 250 c
Time into Lxperizent jiralvzis toncentrations
TOC
(1ainuzes) (ppm Carbon)
0 367
69 378

—-92 ~



1ndustry

initial concentration
in1tial weight charg
water vanorized
liquid flow rate

air fiou raze

dry air

.1guid temperature

Pime intu Lxrerinent

(minutes)
0
60

bExperiment 7=13-73

feod
pure
300

- grape products
vaste

&m

38.5 gm

122
0.6
air
25°

ml/min
£43/ain
bottle

C -

Analysis cConcentrations

—~93—

TCC
(ppm Carbon)
665
122



IExperiment 7-23~73

industry poultry - liquid egg products
initial concentration ) pure wasie
initial weight charge ‘ 300 gm
water vaporized : 37.2 gm
liquid flow rate ' 112 ml/min
air flow rate 0.6 ft3/min
dry air , air bottle
liquid tenmperature 25 oC
Time into Experiment Analysis Concentrations
. TOC
(min) ‘ .(ppm Carbon)
o ' L1545
5 1540

10 1560

15 —

20 —

25. —

30 ———

35 —

40 —

45 —_—

50 —

55 —

60 1620

—~04-



Ixperiment 7=-31-~73

components styreie -~ woter
initial concentration approx 1000 ppm
irnitial weight charge 3G0.3 gm
water vaporized 10,6 gn
iiguid flow rate 129.% ml/min
air flow rate 0.6 ftB/min
ary aid air bottle
ligquid temperature : : 250 C
Time i1nto Lxperimernt hnalysis Concentrations
TuC
(secends) (ppm Carbon)
0 16
45 —_
5 _ 137
150 m
210 162
235 €5
350 ‘ 1.7
&35 455
530 41
550 ‘ 24
660 ' - 325
720 —
730 —
340 —_
00 —
/50 —_—

— 95—



Lxperanent 8-1-73

cunponents ber.zene - water
initial concentration approx 1000 ppm
1initial weignt charge 300.3 ¢
vater vapcrizeud 10.4 gn
ligquid flow rute 141 ml/ain
zir flow rate 0.6 ftB/min
dry aair air bottle
.1;uid temperature 250 c
Mime intc ryverimernt Analysiﬁ Concentrationc
TIC
{minutes) {ppm Carbon)
0 : 540
1 —e
2 336
3 167
4 201
4 . o7
6 274
7 141
3 —_—
J 2
10 55
1 97
12 -
13 38
14 ST
15 -

- 096 —



Experiment 8=16=73

.components sucrose, phenol, acetone,
acetaldehyde, styrene,
n=butanol, acetic acid,

water
‘iritial concentrations 50 41 of each component
initial weight charge 303.5 gm
water vecporized 42,3 gm
liquid flow rate 144 ml/min
air flow rate ‘ 0.6 ft3/min
dry air ) air bottle
liquic temperature 25 °c
Time _into kxperaiment _ Analysis Concentrations
GC
(min) (average weight, gm)
0 0.018
5 0.013
10 ' 0.011
195 0.008
20 0.009
25 ' 0.008
30 0.008
35 0.009
40 : 0.009
46 0.009
5 0.011
55 0,009
60 - 0.012
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Experiment 8~22-73

inductry poultry = breiler processing
intita1 concentration Fure waste
initizl weight cuarge 300 gm
dater vaporized A 37.8&m
iiquid flow rate 129 1/min
air fiow rate 0.6 £t°/min
ary air air bottle
i1iquid temperature 250 c
Time i1nto Experiment An~lysis Concentrations
TOC
{minutes) {ppm Carbon)
0 —
5 122
10 33
15 . 11
20 84.5
25 A 135
30 72
35 —
490 ' 60
45 44
50 40
59 47
60 43

—98 ~



Experiment 8-23-73

industry | pouliry =~ broiler procecsing
initial concentration pure warte
initial weight charge , 300 gm
water vaporized 41.7 em
liquid flow rate 153 ml/min
air flow rate 0.6 ft3/min
dry air air bottio
liquid femperature 25 °
Tine into IXxperiient Analysio Concentrations
TOC
(min) (ppm Carbon)
o 80
) 62
10 78
15 —
20 —
25 Nn
30 93
35 37
40 - 109
45 —
50 : 82
55 98
60 9%

-99 —



Lxperiment 3-24-73

conponents ' ammor.ium chloride, sodiwna
initind concentration ph. 11 “ydroxide, water
initial weight charge 301.2 e
water -—aporized 35.5 gn
iiquid flow rate : " 123.m1/min
air flow rate 0.6 ftB/min
dry air air bottle
iiquid temperature 25° C
Time into Nxperiment Analvsis Concentrations
Spectrophotometer
(minutes) (ppm ammonia)
0 —_—
3 —
5 —
) —_—
12 ' 380
15 . 8363
20 852
25 ' ‘ ‘ 32
30 788
35 735
40 | 710
45 630
50 431
55 452
60 ' —

- 100 -



Ixperiment B8-28-73

components - sucrose - water
initial concentration _ approx 20C0 ppm
initial weight charge - 3C3.6 gm
water vaporized 138 gm
liquid flow rate 138 ml/min
air flow rate 0.6 fts/min
dry air : air bottle
liquid temperature 25° c
Time into Experiment Analysis Concentrations
TOC
(minutes) (ppm Carbon)
0 ———
15 1210
33 ]
45 ‘ 1310
60 ‘ 1360
75 —
9% ' 1460
105 1520
120 1640
135 - 1640
150 1730
165 - 1%
180 1910

-~ 101 ~



sxperiment Y~10-73

1huds Lry ' A paper — pulp; unbleached kraft paper

mitial concentration pure waste

initial weirht charge 300.1 gm

water vaporlizeu 38.6 gm

<dgqurd flow rate : 132 ml/nin

air {low rate 0.6 fts/min

ury air "air bottle

f1quia temperature 250 C

f'ame intu bxper:iner.t Analysis Concentration

~ Toc _ nc

{minutes) (ppm Carbon) (average weight, grams)
0 N 0.027
5 : 282 0.021
10 224 0.021
15 216 0.020
20 238 2,019
S8 244 0.017
1) 26 : 0.016
35 ' 187 0.014
Prte] 222 0.012
45 218 0.012
50 240 0.011
55 187 —
60 ' 158 , —

- 102 -



zxperiment J=11=73

1udustry paper - unbleached kraft paper

1initial concentration pure waste

initial weight chas ge 300 gn

water vaporized - 40.5 ¢m

s1quid {low rate 132 ml/mm

air flow rate 0.6 I‘tB/mlzx

dey air air bottle

liquid temperature 250 C

i'l:ane 1nnto hxperiment Analys1s Concentrations
| Ge

iminute:s) {average area, grams)
0 0.018
5 . 0.013
10 0.016
15 0.017
29 _ 0.016
25 0.015
30 ’ 0.015
35 ' 0.020
40 0.018
45 ' 0.01Y
50 : 0.018
55 0.015
60 0.015

- 103 -



LxXpariment =373

industry , food « shortening & margerine
initial concentration . 87.) gm pure waste
initial weight charge , 300.4 an
water vaporized 40,2 om
iiquid flow rate 147 ml/mn
air fiow rate 0.6 £t3/nin
dry air air bottle
liquid temperature 25° c
Time into Experiment Analysis Concentration
' ac
(minutes) (average heighte, units)
0 9%
5 ' 85
10 82
15 79
20 : 70
25 , é8
30 4
35 53
40 &1
45 4
50 . 42
55 40
60 40

-~ 104 —



Lxperiment 9—1 T=73

1aducery paper - tissue, paper, & plywood

initiai concentration pure waste

initial wei,sht charge 300.2 gm

water vaporized 41 gm

tiquid flow rate 154 ml/ain

air flow rate 0.6 fta/min

dry air : air bottle

liquid temperature ) 25° C

Time into Lxperiment Analysis Concentrations

e ‘ GC

(minutes) (ppm Carbon) (average area, units)
0 173 0.020
5 3 ' . 0.018
10 162 0.015
15 195 0.014
20 — 0.013
25 — 0,012
30 228 0.012
35 156 0.011
40 167 0.010
45 124 0.010
50 396 0.008
55 ' 238 0.007
€o 198 0.007
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Lxperiment 10-295-73

iadustry petroleum < rcfined petroleum groducts
initial concuntration pure waste
initial weight charge 300 gnm
water vaporized 40.1 ¢gm
tigwmid fiow rate 136 ml/min
e1r fiow rate 0.5 ftB/min
ury air air bottle
t1quid tempcrature 250 c
Time into bExperinent Analysis Concentrations
TOC GC
{minutes) {ppm Carbon) (average height, cm.) .
0 14 7.€3
p) 19 5.07
10 w0 4.23
1% 60 S.17
2 68 6.10
25 —_ £.73
30 : -— 5.67
35 [ — 5.60
40 - 3.78
45 - 4.50
50 - 4.60
5 54 530
€0 69 520

- 106 -



Experiment 12-18-73

indastry petrochemical - fibvers, chemicais, & plastics
initial concentration pure waste
initial weight charge 300 gm

water vaporized 42 gn

liquid fiow rate 12‘3 ml/min

air flow rate 0.6 ft3/min

dry air air bottle

liquid temperature 25° c

i'ime 1nto Lxperiment , Analysis Concentrations

TOC

{minutes) {ppm Carbon)
0 464
5 430
10 : 413
1Y —
20 4 393
29 —
30 . 380
35 —
70 374
45 o
50 | 362
59 364
60 368

-- 107 -



Lxperinent 12-21-73

industry petrochemical - 1,3 butadiene
initial concentraiionz 189 gn pure waste
initial weight charge 300 gm
water vaporized 42 gm
Liquia Jaou rate 138 mi/uin
air f.ow rate 0.6 fts/min
dry air air tottie
Ziquid temperature 25°vc
f'ime into sxperiment Arelysis Ccncentrations
TCC
(minutez) (ppm Carbon)
0 53
5 | ?
10 . 3£
15 -—
20 34
oY - —
30 : 34
35 | -
L0 33
45 —
50 ‘ 51
55 < | a4
60 : 33

- 108 —



comporentu

initial concentf&tion
1nitiai weight charge
water vaporized
-iyulu iiow rote

uay1r flow rate

cry air

+1gurd temperature

Jime 1r.to rxverimert

{mrutes)
0
5
10

15

ixperiment 12-27-73

- 109 -

n=-butanol ~ water
approx 1000 ppm
300.3 gm
40.6 gm
144 ml/min
2.6 fts/mxn
dry air
25° ¢
nnalysic Cuoncentrations
e
(ppm Carbon)

sl 111388
-lh - O
28] % | 58%

94



kExperiment 1-2-74

indusiry petrochemical - 4,2 dicnlorocethane

initia:r concentration 920.7.gm pure waste

1nitiai wei.sht charge 300.4 gm

vater vaporized 40 gm

liguic flow rate 1% mi/min

air fiow rate 0.6 ftB/min

dry air air bottle

liquid temperature 250 Cc

Time into bxperiment Analysis Concentrations

TOC

(ainutes) (ppm Carbon)
0 60.6
5 48.9
10 33.5
15 —
20 30.6
25 —
32 30.4
35 -_—
40 23.7
45 -_—
50 -28.8
55 : 30.4
60 3.1
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pxperiment 1-16-74

industry rharmaceutical waste (?2)
initial concentration . pure waste
initial weight charge . © 300.7 em
water vaporized 40.7 gm
liquid flow rate 123 ml/pin
ajr fiow rate 0.6 £t3/min
dry air air bottle
ligquic temperature 25o c
Timez into ixperinent . Aralysis Concentrations
TOC
(minutes) _ {ppm Carbon)
0 : 1854
5 ‘ . 1846
10 1760
15 ———
20 1680
25 —
30 ‘ 1586
35 -_—
40 1564
45 -_—
50 1538
55 , 1516

60 1470
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uxperiment 1-18=74

industry 0ilfield - natural gas blow pit waste

initial concentration - pure waste

initial weight charge 300 gm

water vaporized 41.5 gm

iiquid flow rate 130 mi/min

air fiow rate 0.6 ft3/min

dry air air bottle

liguid temperature 25° c

Time into Lxpericernt Ilnalysis Concentrations

TOC

(ninutes) ‘ (rpm Carbon)

0 102.4
5 Y64

10 97.2
15 —_—
20 . 98.6
25 —
30 | 99.0
35 —
40 . a 101.4
45 —
50 102.0
55 101.4
60 109.6

-112-



Experiment 1=20=74

components ) . nebutanol - water
initial concentration ‘ &pprox 1000 ,pm
initial weight charge 300.0 gm
water vaporized 46.6 gnm
liquid flow rate 144 ml/min
eir flow rate e 0.6 ft3/min
dry air air bott.e
liquid temperature _ : 25 ¢
Time ipto .xpeprimernt Apalysis Concentrations
TOC
(min) (cpm Carvor.)
o 388
5 302
10 - 268
20 224
30 4 190
40 1%
50 130
55 112
60 ‘ %

-113-



xperiment 1-21-T4

components . n=-butanol - water
iaitial concentrzitaon approx 1000 ppm
mnitiai weight charge 300.3 gm
water vaporized 42.5 gm
:1quid f{iow rate 152 ml/min
air flow rate 0.6 ft3/min
ury air ' air bottle
iiquid temperature 25° C
Time into pxgerize:t Analysis Concentrations
TOC
(minutes) (ppm Cardon)
0 374
5 352
10 324
15 —_—
20 264
295 —
39 21€
35 ' -
490 180
45 : . -
50 142
55 . 125
60 ' 110
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kExperiment 1-22-74

concentrations ' ’ n=butanol -~ water
initial concentration ' apprex 1000 ppm
initial weight charge 300.3 gm
water veporized ' 54.1 gn
liquid flow rate 158 m1/min
air flow rate 0.6 ft3/min
dry air ' air bottle
liquid temperature 25 °c
Time into Experiment : Analysis Concentrations
TOC
(min) (ppm Carbon)
o 396
5 358
10 328
20 284
30 258
40 ' 210
50 178
55 144
60 - 108
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componenty
initial concentraticn

initial weighi ch~rge
water vaporiced »
1iquid flow rate

2ir fiow rate

dry air

liquiu teaperature

Time into IXperiment

(min}

Q

5
10
20
30
40
50

55
60

Experiment 1-25-74
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n-butanol =« acetyl alcohol
- water

approx 1000 ppm (n=butarnol)
% ppm (acetyl alcohol)

-300.3 em
40.6 gm

154 ml/min
0.6 ftJ/min
air botile
25 °c

Analysis Concentrations

TOC
{ppm Carbon)
342
370
338
266
250
216
188
150

150



componerntis
initial concentration

initial weight charge
water vaporiczed
liquad flow rate

air flow rate

dry air

liquid temperature

fime into sxperiment

{min)
0
55

10
20
30
40
50

25
60

xperiment 1-28«72

n=butanol - water
- sodium tetradecyl sulfate

approx 1000 ppm (n-C,H.0H)

50 ppm (NaTIS) a''s
300.7 em
40.1 g
156 ml/min
0.6 ft3/min
air bottle
25 ¢
Analysis Concentrations
TOC
(ppm Carbon)
3298
366
352
300
251
220
180
172
156

- 17 -



Experiment 1-=2%-~74

components n=butanol -~ water
- godium phosphate
- dibasic heptahrdrate

initial concentraticn approx 1000 pym (n—C,H,0H),
1041 (sodiun phos%hgte),
10ul éDB i)
initial weight charge 300.3 gm
water vaporized - 40.1 gm
liquid flow rate ’ 154 m}/min
air flow rate 0.6 ft3/min
dry air air toitle
liquid tenperature 25 °C
Time into Experiment Analysis Concentrations
T0C
(min) (ppm Carbon)
0 374
5 360
10 : 338
20 288 -
30 ' 236
40 222
50 168
55 - 166
60 146

- 118 -



APPENDIX B
COMPUTER PROGRAM TO CALCULATE F, AND K,/a

FOR INDUSTRIAL WASTEWATER SAMPLES

i
Reproduced from 2
best available copy.

-119-



N =

>

TIAITAANIANIIANY Y IAN

Y Y Y Y

)

N

YYAA 3Ty Yy e

ITVIYAN Y

SRL]

0

AIAENR L AL AA R P A AR K EA A R R A AL RSN N,

HATE LY
CaPole 2=-03N1376

oduced from
%23: available <oPY.

SR YECTIYT AL Do an e

TS parAns g revpnireg The L TIYZYE frioy Yy Ar Yy r BT s
C TNIYLRAGIr EIACT TSN Ty F D TIUE MOy Ty} ¢ "1 00 e
ATvyce vy AT 17ATICA PAYS (1 5, K/A) ::"‘.‘. _Ex‘r_):._')'nefn.v.\| ATy
CRTATHEN GO 8 DR DTI7N CYNESTIVMES T JITy g £ty ¢
TEOCHATATAL D A= CI e ASTYRLATEY
CoTir? QL TVHSTELT 7 0 3T UESY S0y ATV O Enar YT
THE VW ATTIE SUACFYSN VY -E PATAINES Ay QHIYN YT
F Frg iy vy v Tl U *TILT FUSCYISY 3 Q Tun ti J Ve
APAMTITY 17 T8 TS0 7 IMT2RANM]E ST TS vC 1y TUR
WACTTIATED THAT £at AT TDAMCILOINA YA YL AT~ Yy CTu1A0Tr A
LIY NS WS TEASCREUNST N TO TR AT 1M AV INTOATE O Tl T
THUA 97E SEMT AT INON THE YAQTTWAYECY? ST 19 ([ 5 ,, ArTa
TULTREDY Q= TRIAKE TN E1 TSDQ, AL "FF7 ) QTP Y7 7Y
QAAQ I . St YN Ty, ST L)
KIA= To.7 20 ATTIVE U ATYL IFATION RAYC Tutr pARL =80
16 TH™ - A" T v T 42 DATE OF SEQroOTIe: 7T vur gofsgr
N2 FRIYIT S Fren NEMT TN Tk D2TE I TYADCRAT IO e
waven Tl DR amTry 18 IYDNITANT T CIpATIN Cute 7 ¢
1O /s VTONICATEY Tash Mt Ty TUItL AV S €100 1S s
CACQI T TDEATMIMY O AT TN FRNG DT NI TET VAT S
DOLINMT AT A G N TTTY [C TMRTAAT Y Y | LA A
1S PRt A TY HIMITY " 7CQ TN HYUMITY TSNS M T 2T
13 AT FoON T [ YO TATEInT LACDATINYG STEATTS TLT st ptipYans

A

.
R N s 0 Rl U R R R R B AR A R RN B R R TR Y, B i TR R L e R iR el AR, B R Lo AT R 2 SPRT LY
LI At
L REN IR TR N ot E ATy SCNaETITNTE Yo f VverlTeasy ey

[0 TONR TR R I T :

A, !,Q\;]“.‘!P\Y‘I!m' S,y LY LA - E-E G ¢ fAIN T A [l el Bl ¥ b Tl BR X
[AVELE I e A ¥vToe Ay T e .‘rr. YieRT |r‘ Ny Ty Fer vt ey
TIANGTICN e A0 Tt fAann (e Te 1A, gt vC QN
THUE REATNG THAT 1T T T ICFLQ AND TR Tl S iTRT 0r g Te,

4, e ToO £ Ad ™. YL ICESNY PN LA T st v vsT e

CATS NN ENNIINL (SCEAATIIR), THET AIANC G- L STI Y0NS TION
FHIINA TLE JYDED Jo Ay (FACKAT: F1Y,30, ThE QI 1A) Anpag
FE WATED CHYARCEN Y4 TR AECANONTICY AT \Y 4THC (FaP AT §1),1)
ANI TUE TATAL Cynedy oy Oy TIAE TH NI RITRES (CwMATe €13,
Co TATA FA2IS: THE THIAL ARD FNECJINMA CACTY COINTA S TS
CAVMASMTIATION , NATEN, TIUS JATE AATATNFD ©€OoNss QA g =¢
WTTLIO2AUY MO IS TS SvNCCTMER Y, THE TATAL widuE» e
IHERE DATA QFTE QT AC THE C[2357 Z8™3Vv [ TUS Fruton)
Ay, TER C1LCT eMTLY 1Q THE LCOMFSYT2ATIOE AT A
(EPUY AT S1A,2), TUE COMAENTRITI(y NATA Ffsuq Nt TAr, rAY,
eAN, Ar, ITC, TeE SCECAND ENTQY [V EAfy YATA CADRL 1Q TUC
WATED RCMAINTINA (A TR FESACOTICN ADDAIATIG (TVAFIIAT | Y
ACCFINTEDS BEID Y AT ThE QAWCEE TIME ("NQ4\T: F1,2), Tur
CATA GUMEN QE DN REN Jar FOOAFD0 YR 7G2S TN TINE,

ARG CHREELERTRALBYRXEAABNIS L ALSANALLIVALERANALIANAARAF A AANRALIAANNAREC A XA

PIWENS AN FENF(20), MATEII20), TINI(29), "2T(2)), =(73), SLIPE(2)
NIFERSTAN FT{P0), CrV¥T(IN), 410120 ,X(20),¥(29) :
’ - 120 -



- TEAn T DRIV TIRICATISN QYMRALS ENS a0 T

~
T Hh o RTATLALITHLAIT O by 1)
& [ (S IR O B U |
5 WTT T Y NI L Ytz 1)
6 s CRal S S A Y3 IS IR S |
7 SEARS,0V) P, 11D o Y
] Ql r:nr--gv;\:z.‘)ryn_))
~
[ TOAM PN AN T T TR (ETO AMD WATTD | CT e At ag
- PR Bal [ T I" '_‘-lv['l A0 E AT T Tt e T v VT g 1’.1 (g
~

VRITSl G (AT
D AT OFNDAT(/1YY roryt FDAN BN MEnTEg )
vy s Tt

~
- ' Crenm 1 AN U ITRIR ST TSI D pa PAY A SOVCROT ATEOS GATED
~ ) A LS TRV O AR
.
12 BEAREG,32) FINCa ), IATEN (YY), TruE( )
172 GAYED (1=l T TYT (T /0T )
| KA PTARSELE B Go (PSS T i B ok ol NN B 2 T SATINIYY), T T
19 D COCNAT L AT )
14 LR RS NS
17 [ SAXNLT Y tre CONLT, MTNMYT L)
- AL E A I ST R R S A S R A S-DIN Vol & KL AERT Lo LYPRVIR TN A G B UGN A B G AT
17 "ty 3 Y=y 0
10 AL SRR AVER N RN RIS ]
:‘:\ I t"‘_:s':'r‘*_,(r~cr'|“
21 'lll-.-l”"'.f'l!)IV.""'H\"-("""')’
22 [ TN I S I 28 T A REN-A S AN SO S IR Y
- Vo VU 1720 Qarsre Sofe o™ ie%n AN 1 [P TA0 27ATqCT Y Dame ragn T
23 2O DT AT Y2) Y, 4
D AR |
25 NMLY =T (0 )
24 N1z,
27 fOpriDz 412
n - AN N = 30D .
20 NZAN WIDNr gAY
10 WRITF(AGAYY
) G EARUMAT(/IXYCO A7 T, ARvay Y, v /vty
32 %3 NEM=z1,0=0
23 nEe2:9,.N
34 cl.ro"!=)on
3¢, (l_-"',"".:\..’)
r revonTes derrceiry QNN
r.
3h Ny SR T, MY
37 X{TYV= ATty
3R CI(IY=({=t 1))=Y /NN
3Q Y{tr=A1 05 10(= 1 (1Y)
40 SLEPK=C|NDA X (T )y (T)
461 In QLODY=ALNONSY (T Y 2X (1Y
) Az PN 7T
&L? AVFKA=S] PN /1PN . -121 -



AT UMYIOG S Y STAMPADY BRDHER JF TET e YE o0

" B RTIE A B
" N2A AT TATTRITITT AR VAR TATIAY SOD v A
‘

0 [AZS TR AT AP APSLUL |

[ - i (R0 R AT RAR. Y (11l)._';\).'vnf-‘(f!))‘5('.‘[))--‘_\]CV,{"_:Y[_!,)

7o D Ik IR R PR B '

N3 [ A TS N A R TR

" DIMTECE I I T ISR Y|

- WORTIHn LY A, W T oy, AuCA

(3 . TV F0 71 oy .
S caUimAWL S AN o N A ke 1 Rt SRR M AYny Rreeltaglt u B it ettt e e iR R i R L e
o NI NTTT O e e U NPT A rt Al QU EA TS ) TY e
-~ MR A TR T RN TR AL I O SR R LA SV ) o Q\'J;Nc TUOAT Wiyt
"f ERAEA RN BN AV M a R N Bal B v]r *[u.g)'\.?y,‘l. £ v,p-
~
. T FAMTER Ym0 LTI TY (R RS E) TUl Ty T
’ AR TR AN IR LI P B S F S AL VAR S TEE AL Eal TS SRR DN A P K Y | TR T orresny
- TN r e T At e P06 THAN )RS Y T DT IRYus g TRT Iy
e .
AR R B R R - B B I S R R A B R R R ST NS R L O N b E R R /R R R R ST S

o e ]

“1 NN F R IS

6 non PLITILN T YY)

Ll R A I AL VA I YA I R R A I I B ol E-X o N AR RN Foll I |

S4 LTRSS A

£ Bh IR Ty Ly, YT

L e A L AN S

£ (ST Y BES

o AV T e T

3¢ Yoo et ey

o SRR

£ Ny -

R LT A "\';‘f ey

; TR ) '

34 | R A !

N Ny -

< R

A7 Tt 2 )2, 80,0

0 17 Psicyanty 2o,

A o~ Y 3

A DT Yy

71 TR EST YT Y

7 L IRA T S T IEA S )

) [T AN AL ]

74 DEEAR AR A B NUSLIEE BT I 28 MEAR IR |

A (23R N LA LS |

T4, povere v

T e Y -:w":.-' (AP O P RV S A

T (290 TN SR |

19 1 DYwnp

noy ~fYoTe o

Ql RN AL T - TA - A 0a ] |

u? LS RATMUICE RIS BB

a L )11, vy

$7, (33 XA N

= NeNert e a7 SN (r S Yarvwls )

fe, [

a7 T gy -y

pn Ay : -122 -



YA T ol IR alal W J AR L) R AA RIS
(2 B YS!
Foop Nt i rACRe 2 2 23 a0 Y AP P AR IR PR A EA R SRR LRl AR AR At I AN

LT ey T

f=E M. £Mmcr~y ¢ vy r‘f‘)':;\,_l‘v: ;,-.r'|“..<_‘ T
TOCCMTIEIO AT 10y’ P06 B[ Y0 &Y Ty TA~ ne Yo it A et A4
NLECTEAG Thf SICIED IO AL ONITOIT AT A

“ . T LDt C TAILT AL AT AL THE T1ACT p!ory [rC fnproar

v

1K TLE L AyPEST T OTAY NAT A AQ TN T TLE FIOKTY Soposaus

YY)

1§ Y= e
ESUEY IS A A A A R AL A S I N S A S BN TE oo J*r sty voc
L TRl o pREELTN R SR BN AL I FLT CETANY Ny OfY T Tt

CPT IS THIE GErOAME 16 THT 380G rE et

|
;f._ T4 20T A0 U8 Nyl AT € IS I S oy pTgyn
R BN B RN A MREILEN R AN SR o o BN ¥ L0 KRR & S-S RVRNETS SYSEL 34
TETOLp st T THE CAQSEQOY VTt SpItiauri) AT 6
NDRALTr T YIS L I 18 T uT ADD AT TgT g CITO Y
TC A Y B DI TITRA OTHE S Maun AT TS Rr)) T, QL
[N N N T
Fe T TTOSTE OACASMAETIIL AONPPITATIONST  Tul THIeDN Ty oy S
CHETOT 10 TP T OQNE Ve ST THE CafoaNTaTve oA G0 A
Tee ~ P 1 IRE T Tl D) rK AL PATA O VTAYAG TS gy
RSN TR TV v Tty ST FOTolTe A0 cyT AT mur

HACERY RVE SRTEE S T SRR N SLY ol FE ST R Sy i 2 & LR RRTRE & B

I AN YYD
=
1
<
t
-
3

[aliaY X ILS

R L SR BN RV S N TR R AIER RS WL TPRVASTINE & NEEINE A Vo S SO Corp A

Y Y Y

Ty e O U A R R YT YIS IV 1T BN DN PR FIRNTIL TN RS TEY o ~B R Y

R

{'".‘L,"F""Y—f‘r_h"""Y"'.' ~f vz, I‘f'l LS K N 3 1¢ TosT
P 2 YR I B Crpiivs e ORr s uny T s VL, T TS §LNIT 4y
DI YTC LT Tt ) OO T TAT A

LA h AR U B L N S S 20 b TNECAY &V SR o T B S YL ENDTW ) Tty YT

Al

5 -

AERCTIE B T A S DA A SR PA NI SR TR TR TIES R T TS Xk & FaIU
, Pip et ae ety e L Y N U N R lr i al’ MY B P AT E¥Y A
T Y .- Lol PR 8 ner, vy Crre gn rnl.]_c\! 1€ THIZ (M

. (07 nT T mempie e e crroe fonacTioN, Ctogey Te ae

3
'
.
.
T
;

Y C e 1T TEE 1N T Y NP IYC QA QT vrAUTYT
Fo e ity TVUCp TR THAT TRT Oy AT
AN I S R AN T R R TR TR S N TS TNTY (CHET T 10 s
AOMNTE TS T MY P rrrecanyy 12 TH: [4YA DLAYS \C @
. Coeyja™ g 90 & Tt Tt SN TATN YIR 3NTtt N Yy [N 15C THAY
IS MO AT IS B AT S TRATAING SNDID Yars Myt /TIpC

Al
- .
1

- -
fEaR Y] s FERT I N ?.

MY OYTY Y N Y

I RN R R RS RS RSN EEIE RIS IE I A L3 2 LA FEFAT 2 L2220 A2 2/2.2-2 X X9
Caer.

o 4 {rom
'G.eg:o;’::\?ab\e copY-

-123~



1N

PLASTIC IMTUSTRY

we, ¢ 1y LU EVENYE Y1 wist v
LED N0 Ao, NN N,
22,00 FARITL .00
€17,C0 264,00 P,
267,00 284, I L0
215,70 270,00 T,y
T, 00 277,70 Al g0
AN N0 2h%,70 AR
TG D o T S I ga v
34,00 2heo, 2 AL

Sy FOrry, "t"savyy,

0,0c0n. | AP
.00 (S YAV AN
18,0009 ANUMEL
B XA siete n,aoure
20, L0000 Ng7100
Lo, nnne O A
s0.CeNn n.735%
RS, 7000 Y, 70"
[ el a Tl e H I S A
L S AU AT R AR L R AN A T s
Cots 311 veag nen Ny T
n,201 1ea, Gy Q.0 Tt
N s o 100,000, ALY MPRT
;).(rﬁ, 1“".'-".’ 0..' ‘.v r.) 1
P DL PR Y (PR
Ve f &R Vo, iy Y. tsz 07
Nyt e LIS R I T LI PR
MY ) o3 re Y. 1,774 "
AT MR )or P
.‘.'('4’C ll'i_.l(,) r\_."' LIRS |
Yebnl yers oot Yoty 17
n.’_{,;»‘ )lv.(l'ﬂ ').'l\v \j*.\‘ .
Aofe> e s VR IFIRS
DVehtd Yerg, 00 L ' 10,
A, 640 rtra, o Yoo 17,000
N 142 jre,ree Yot ¥ L DAY A |
WY 1ea, 060 Yo 17,4
N, 667 jco a0 5 IR I 175"
Vetro len, ace N I | P o AR
0.[:).'\ s, o0 A o 1267 1e
Nebe" jon,ees 1.0 12,74
[0 Y A jno, 600 (4IPS Be Tl 1p,7n
N4 {ar rco Yot 1,050
0.h4 jee ,ten RPEYR B R
0667 jon, rao LR EN 12,347
N, 042 jco, ccz e T Y2 LI IR A 4
Ot jee, o0 n,ny? 12,747
N4 joG, rea SN2 1r.v%7
N.€467 1ea, 609 ‘. 1re0%7

POCHUERLE 1) L CA(roar Y0 pNTT )
~C.H0BTE=0) =0, 7TV172-0°
~0,1025F=n] =n,168845 30
=CL,28167=CY  ~5,20127 A0
~0,2187C=0] «3,41%£7C CC -124 —



SCLAPERTS0] 9, 5174C 1)
- [z EE A O [ A ol
=Ty BB -, SE ne
AL U N b o Ny

- 125 -



APPENDIX C
Hollow Fiber Device As A Desorption Apparatus

Preliminary investigative tests were performed on a device that may be an alternative to
the packed column desorption apperatus. A Dow Hollow Fiber Gas Permeator was
purchased. The device consists of a U-shaped hundle of hollovs silicone (dimethyl silicone)
rubber copolymer fibers in a 100 ml. poly-methyl-pentene beaker (Fig. C—1). This device is
designed for bubble free transfer of a wide variety of common gases in gas-liquid transfer
operations. Common applications include: O, enrichment from an air stream, dkygenation
or carbonation of fermentation broth, und removal of waste gases {i.e., CO,) from sealed
environments.

The gas permeator has several characteristics that makes it attractive for desorhing
gases from wastewater samples. The device is compact and can be weighed on laboratory
scales to obtain water loss information. A simple apparatus is possible since a pump is not.
necessary for the liquid. A stirrer-bar keeps the liquid sample well mixed at all times. Figure
C-2 shows the equipment arrangement employed to test the gas pormeator as a gas
desorption apparatus for wastewater samples.

“The operating procedure employed was as follows:

1)  The test solution was prepared with an approxumate concentrahon of 1000 to 1500
parts per million ot the desired volatile component in distilied water.

2) The permeator was filled with test solution (~75 m!.)

3) The permeator, with magnetic stir-bar, was weighed,

4) The permeator was set in place, anu inlet and outlec air lines were connected.

5) The magnetic stirrer was activated to a reading of four to five.

6) ~ The air was turned on and reguiated to s pressure of ten to twelve psig. The rotameter

" was set at a constant rate of 80 on a scale of 100,

7)  One milliliter samptes were taken initizlly, after 15 minutes, 30 minutes, one hour, and
at appropriate intervals thereafter (usually one or one and a half hours). “

8) Finally, the permeator and contents were weighed again to find the water loss,

Three components were employed in the preliminary test on the gas permeator. Table
C-1 shows the total organic carbon results for the three components tested. It is apparent
from these rasults that this device may have limited use on gas desorption studies of
wastewater. Experimental results on these three volatile components with the 46 cm. X 5
cm, raschig ring packed column allow a comparison of desorpuon rates between the gas
permeator and a packed column (Table C-2j.

{t is also apparent from this data that the tube wall (40 nucron) may be providing an
added resistance to the transfer ot wne volatilc zpecies from the liquid to the gas phase. High
molecular weight components may not be abie to permeate the tube wall or may react or he
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Polyurethane Tube Sheet
, i Recirculation Port (Open to Beaker)

N
|~

Silicone Rubber Copolvmer
Hollow Fiber Bundle
Mominal Diameters—

180 x 260 Microns

Nominal Wz Thickness—
40 Microns

Nominal Area—500 cm?

3.875

Beaker Contamner
? . (Poly Methyl Pentene)
N

LI LI LL

Nominal Volume - - 103 m!
Y Protective Screen

Magnetic Stir-bar Chamber
Recommended Stir-bar ~
1%2” C,l:ndrical

(Stir-bar not inciuded)
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lﬁ 2.75 | ~—

Bottom Cuap

Figure C—1. The Dow hollow fiber beaker gas permeator b/HFG—1.
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Figure C—~2. Schematic diagram of equipment arrangernent for gas perrmeator desorption experiment.



TABLE C-1

Test Results — Volatile Component Desorption in Gas Permeator

‘Componant Time (hrs) Par Cent Stripped Water Eveporaied (g)
Acetaldehyde 0.0 0.0
0.25 47.1
05 53.2
1.0 578
20 60.7
3.0 85.1 —
! 40 100.0 _—
Methanol 0.0 00
0.25 118
0.5 118
1.0 125
20 190
3.0 229
4.0 269
5.0 321
6.5 374
8.0 46.0 19.1
rate = 2.39 cc/hr
Pronanol 0.0 00
0.25 -_—
0S5 705
1.0 78
2.0 15.2
3.G 26.1
4.0 35.0
5.0 45.6
6.5 59.4
8.0 54.7 8.2
rate = 1.15 cc/hr
TABLE C-2
Relative Desorption Rates in 1-Hour Run Time
Component Gas Perrmostor Packed Column
acetaldehyde 57.8% 73.5%
n-propanol 78% 15.2%
12.5% 21.0%

methanol
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absorbed by the silicone rubber copolymer. Another disadvantage is that the tube device
does not simulate industrial stripping operations, as dces. a desorption apparatus for |
wastewater samples, however further detailed testing is indicated.
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