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built by Life Systems , Inc., of Cleve land, OH , consisted of six sparged column s
in seri es precede d by an ozone scrubber or precontactor.

The contactor was evaluated using a synthetic clinical hospital RO penr~eate .
Eva luation incl uded defining the fluid regime inside the columns , investigating
the e ffecti veness of pre-stri pping, and monitoring the oxidation of selected
labo ratory wastewater conponents throughout the oxidation process as we ll as
measuring TOC and COD. A correlation between the TOC stripp ing rate constant
and oxygen mass transfer coeffi cient was developed in cooperation w i th the
Univers ity of Illinois. Effects of ozone concentration and UV light on the
kinetics and mechanisms of organic carbon oxidation were explored.
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INTRODUCTION

The latest generation of equi pment for Army fie ld hospitals deri ves
from a buildi ng-b lock concept called MUST : Medi cal Unit , Self—Contained ,
Transpo rtable. MUST-equipped fi el d hospital s are designed to be highly
mobile centers of care deployable anywhere in the world.

To enhance the mobility of the MUST—equip ped hospitals in water
deficient areas , a MUST Wate r Process ing Element (WPE) is being developed
for reuse of nonsanitary hosp ital wastewaters . The MUST WPE wi ll have a
nomi nal product water capacity of 3500 gal lons per day (gpd). Operating
in one con figuration , it wil l  reno vate nonsanitary wastewater to a qual ity
acceptab le for nonpotab le and eventually potable re use. Operating in a
second configuration , it wi l l  simultaneously treat those sa me waters for
discharge to the envi ronment while treating f resh or brackish natu ral
waters for potable and other uses. Six nonsanitary wastewate rs have been
characterized from a MUST-equipped mobile field hospital . These waste-
waters are of industrial rather than nunicipal or domestic nature . Waste-
wate r sources i ncl ude operati ng room , kitchen , X-ray labora tory , cl i n ical
laboratory , shower , and laundry .’

The candi date unit processes for the WPE reuse operation are , in
sequence : hydraulic equal ization , 40—mesh screening, ultrafi l tration (UF ),
reverse osmos is (RU), ozone oxidation with ultraviolet (UV) light , and
hypochlorination. Of the several unit processes proposed for the WPE
reuse treatment train , ozone oxidation is the least optimi zed and most
contro ve rsial. 2 Pilot studies and fu l l -scale appl ications have demo n-
strated a certain potential for ozone oxidation or disinfection in domes-
tic wastewater tre a tment plants. ~ Industri al applications for phenol and
cyanide re ductions are ope rationa l.~ Ozone oxidation of norsanitary
wastewate rs of the type expected from MUST-equipped A rmy hospi ta ls  is
unique.

Initial efforts in the Army ozone program we re presented by Re ute r in
l973.~ By that time the fe asibility of ozone oxi dation of selected
MUST—type organic coripoun ds was s hown , and the necessity for incorpora-
tion of ultraviolet light to aid in their remo val was established. Sub-
sequent efforts ranged from detailed bench scal e parametri c testing
through fabri cation of pilot sca le equipment and detailed analysis of
automati c contro l and instrumentation procedu res. These efforts are
refe rence d in the following sections.
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OBJ ECTIVE

The object ive of this study was to evaluate a pilot scale air
str ipping—ozone contacto r system designed and built for the Army by
Life Systen5 , Inc. of Clevelan d , Oh io and to investigate the effects of
pre—stripping on subsequent ul traviolet aided ozonation of a selected
wastewater.

EXPERIMENTA L APPROACH

Evalua tion of the air strippe r-ozone contactor consiste d of measuring
its hyd raul i c mi xin g, phys i cal str i pping, chemi cal oxidation , an d mass
transfe r characte ri st i cs under cont rol le d con di tions usin g a spec ifi e d
wastewa ter. Trea tabi lity s tudi es were also made on the wastewa ter to
investigate the effect of pre —st ripping on subsequent UV—aided ozonation.

Treatabi l i ty was measured in terms of the wastewater ’s total organic
carbon (TOC) removal and chemi cal oxygen demand (COD) reduction. For
these cases a rel iable TOC/ COD trend ove r tine was desired for eac h Dre-
stripping situation. COD and TOC results were plotte d to deter Hre
whether ad diti onal runs s houl d consis t of re runs to better de’~ine the
trend for specifi ed pre—str i pping times or should consist of otner inte r-
medi ate pre—strippin g times to further define the differences among
trends . Scatter of the data did not readily indicate smooth trends.
Reruns were made to insure that the standa rd error of est imate for the
line of regression (trend) through the data was kept to an acce ptable
val ue . Runs which measured TOC and COD re duction were repeate d either
once or twice depending on the resulting data.

CO NTRACTOR DESIGN AND DEVELOPMENT CONSIDERATIONS

DEVELOPMENT

Du ring the period of time when Life Systems , Inc. (LSI)  designed ,
developed , and tested thei r ozone contacto r, si gn i fi can t i nforma ti on
about the kinetics and mechanism of the ozonation process on MLIST-equip ped
hospital wastewaters was gathered in bench scale studies done by Chian ,b
Sier ka ,7 and Zeff ,8 and in bench and pilot scale studies done by Gol lan
e t a l.9 Furthermo re , a signi f icant paper had been published by Hi l l 1-  in

• which he measure d the liquid phase ozone mass transfe r coeffi ci ents in a
gas sparge d ozone reactor. Additional important work bad been done by• Hewes ~~~~~~~~~~~~ investigating oxidat ion of refractory organic ma:eria ls by
ozone and ultra violet light. The term “ refractory ’ used in this report
refe rs to materials relatively resistant to ozone oxidation.

6
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Wo rk done by the investigators on MUST -equipped hospital wastewate rs
was perfo rmed in different reactors under varying experimental conditions.
Neve rtheless , several conclusions were common to all stud i es: T here
ex i sted an i ni t i al per i od o f relat i vely h ig h rate TOC removal in wh i ch
values of dissol ve d ozone measured in aqueous solution were ve ry low .
This indi cated mass transfer played a major role in the reaction. After
the ini t ial , relatively high TOC removal pe riod , the TOC removal rate
declined signif icant ly indi cating the presence of ozone resistant or
ozone refractory compo un ds in solution , es pec i all y when ozona ting MUST
cli n~cal la boratory wastewater. This slowe r TOC removal rate was
accompanied by a significant and relatively stable dissolv ed ozone con-
tent and was felt to be principally reaction rate limited , or at least
“not mass transfe r li mi te d .”7 Fi nally , it was observed that ultraviolet
li ght together with ozone increased the rate o~ oxidation and rate of
subse quent TOC removal of the refrac tory compoun ds i n solut i on .

Other mi scellaneous findings were also noted by these investigators
upon ozonating MUST—type wastewate rs. Sierk a7 fou rd greater rates of TOO
removal at alkaline PH values. This observation was repeated by the otrer
investigators and suppo rted theori es put forth by ewes ’- anc
regarding the role of the hydroxy~ ion dur no ozone decomo ositic e and
reaction. Draw ing on previous experience with stri opin c volatile orcanic
compounds from aqueous solut ion , Ch i an 6 showe d ‘TO reroval va s a cc~roina~
tion of physical stripping and chemi cal oxi dation by ozone which depended
upon the quantities of volatile compoun ds in the rrixt~ re being treated
and upon the rate of gas flow . Gollan et a1 .,~ notea an effect of te-
perature on TOC removal rate . In the ran ge o f 300 to 80°C, the rate of
removal pea ked between 45 0 and 60°C for most but not all hospital waste-
wate rs stu died. X-ray laboratory wastewater was th e exception . This
vari ation of the TOC removal rate was felt to be the combination of an
increase in the oxi dation reaction rate with temperature and a si’~iu1 tane-
ous decrease in ozone solubility . Gollan also observed that as gas con-
centrat ion decreased below 2 pe rcent weight ozone in air , TOC removal was
lim i ted p rimar i ly by mass t rans fer an d that the removal rate declined.

Integrate d system ozonation test results by Gollan et al., 9 were
disappointing because of equipment mal functions. Failures in the
reactor and generator did not al low ozonation treatment potential to be
realized. The “integrate d” system refev red to simultaneous operation
of all MUST Water Processing Element uni’t processes on a pilot (i000 gpd)
scale. Gollan reconiiien ded further investigati on and eval~ at~on e~ a 1/8• to 1/4 scale ozone contactor with performance characteristics suDerior to
the one exam ined. Suffi ci ent liquid phase residence time and hich conve r-
sion of ozone across the reactor were felt to be i mpo rtant considerations
to con tactor des ig n.

7

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ ...~~~ ~~~~. - 
-.



Durin g its inte rmal research and development activities , LSI reviewed
the literature concerning the use of ozone for treating wastewate r and
reviewed various ozone injection techniques and contact chamber designs. ’4
The Torri celli ozone contacting system was felt to have desirable char-
acteristics because it allowed routin g c~ off—gases into a pre-contactor
~or additional ozone conve rsion and opera ted at slightl y pressurized con-
ditions beneficial for mass transfer.1

~

LSI adapted the Torri celli concept in a nominal quarte r scale con—
tacto r which met pragmatic height , power , and vo l ume design conside rations
i mposed by the Army .~ 6 Provisions were incorpo ra ted to a’ilc ’w au:c~atic
heatin g and pH monitoring of the process water. Ultraviolet li gnts and
provisions for i~anual ph adjustment were also incorporated. ’~ ’~~

DESIGN

For reactions whose rate increases wi th  reactant concentration , the
mixed fl ow reacto r (also termed the backmi x reacto r or the corplete ly
stirre d tank reacto r , CSTR) always needs a large r volume than the plug
f low type. ’9 Eva luat ion of a number of e,T ua l s ize d mixed reactors ft
series will show that as the n umber o~ n.ixe~ f low reactors anproac hes
infinity , mixed f~ow pe rformance approaches that for a sin gle p 1cc flow
reactor. Citi n g efforts by Chian ,~ Sierka ,7 and espec ial 1 y Golla r et al., 9
LSI noted that the or cai ics in W~ST—type hos oita l wastewa:ers (especia ’Ty
laboratory wastewate rs ) we re composed of an easily oxidiza ole nortion and
of a refracto ry portion which were larg ely mass transfe r and reaction
rate con t roll ed, res pec ti vel y. Once eas i ly ox idi za b le or ganics were
removed by ozone ox idat ion , the refractory portion remained reaction
ra te con trolled and a funct i on of rema i n i ng TOC . A s i x sta ge , mi xed
reactor plus precontactor design was chosen. Assum ing a f i rst orde r reac-
tion rate wi th respect to TO C concentration for the refrac tory was tewa ter
por ti on , backm ix reacto r vol ume was expected to be 1.3 times that for a
plug fl ow reacto r when treating a typical composite hospital wastewate r .~~

Focusing their attention on wa ys to trans fer ozone into solu ti on ,
LSI noted that any contacto r system which cou ld minimize power expendi-
ture for transfe r of ozone into aqueous solution was most dcsirabie .2~
Elimination of stirring would be a ste p in the right direction if adequate
mass transfer rates could be attained.

In a p rog ram wh i ch stud i e d the mass t ransfe r behav i o r of a gas
sparge d ozone reactor , Hill 10 showed how rate of reaction , gas flow rate ,
an d bubble diameter a ffect mass transfer of ozone into bulk solution. As
par t of h i s work , Hill calculate d liquid phase mass tra~sfe r coefficientsusin g the Hughmark co rrela tio r for seve ra~ bubble sizes and gas fl ows in
a sparge d col umn full of tapwater . he reported the hu nbm ar k correlation
to be reasonably accu rate compared to actual exper irent al values in cases
where reac ti on took place in the li quid bulk rather than in the laminar
film surrounding the bubbles. For a gas f1 ow o’ 4.5 l /r-in , bubble size 
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of 0.10 inch , and an ozone concentrat ion of 3 percent by weight , the
li qui~ phase ozone transfe r flux (kr) was calcula ted to be 7.75 lb—mole !
hr—ft  . Assuming these conditions and a bubble rise velocity of 0.96

• ft/sec , LSI calculat ed that nearl y 90 percen t of the equil ib r i um amount
of ozo ne woul d be absor bed i nto aqueous solut i on i n 6 feet of liq ui d
height. 22

These cons id era ti ons fo rmed the bas i s for w hat came to be te rmed the
Life System Modi fied Torricelli Ozone Contactor (LMTOC). It is a nominal
quarte r scale (1000 gpd) contactor system consisting of six reactor
colu mns i n ser ies thro ugh wh i ch waste wate r al ter nately flows concurre ntly
and coun tercurrently to ozone—lade n gas . The gas containin g ozone is
bubbled up through each column via a sparge r in the bottom and an ultra-
v io let  lamp extends ve rtically down the middle. A seventh co l umn is
employed as an off-.gas ozone scrubber or precontactor. Additional infor-

• mation about its des ig n and evolut ion is readily ava i la b le i n references
17 and 23. A schematic of the LMTOC wi th some key design information is
shown in Figure L

STRIPPER-CONTACTOR EVALUATION

GENERAL

Eval uation of the L MTOC by Life Systems , Inc. ha d cente re d mos t ly
on ozone oxida tion of MUST-equipped hospital composite waste .23 It
was felt that contacto r evaluation and additional experime ”tal work
should be done us i ng la boratory was tewater because i t conta i ne d the mos t
re frac tory or ganics an d require d the longes t reac ti on t i me .24 Treat-
ability studies on the LMTOC using laboratory wastewate r are presented
in th is paper .

• The basis for the synthetic laborato ry wastewate r came from a water
qual i ty stu dy wh i ch evaluated ac tual ~‘NJST—e quippe d hospital wastewaters
in the field. 25 Concentrations of laboratory wastewate r constituents
foun d in the f i eld study were mo di fi ed to take into accoun t ul tra fi ltra-

• tion and reverse osmosis treatment laboratory wastewater received before
ozonation . Major conside rations were the molecular weight and water
501 ubi lity of the compounds and DuPont fl-b reve rse osmosis memb rane
separa tion characteristics as measure d by Fan g an d Ch i an 26 for several

• organic compounds . A formula for the resulting synthetic laborato ry RD
permeate used appears in Table 1. 27 The theoretical total organic carbon
chemical oxy gen demand , an d COD/TOC val ues are also l is ted. Three rela-
tively volat ile compounds , name ly methanol (boiling point 64.7°C’, acetone
(boiling point 56.2°C), an d diethyl ether (boiling point 34.6°C), con—
tribute d a combined TOC which was 94 percent of the total TOC. Hence ,
this wastewate r appeared to be treatable by gas strippi ng befo re or dur-
ing ozonation .

9
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WAST EWAT ER 
i_ --i_I - .~r-i - F-

OZONE L ~~j GEN ERAT OR

Overall size (HX~IXD): 7.5 ft x 9.3 ft x 4 ft

Volume of each stage : 1.2 ft3

Stage diameter : 6.6 inches

Spar ger surface area : 14 .8 i nc hes

Sparger pore size: 5 microns

Ul traviolet l amp output: 70 watts total power
(operated at 425 ma) 34 watts at 253.7 nm

210 owatts/cm2 at 253.7 nm
and one meter in dry air

Mater ials: stdinles s steel , teflon ,
• quartz , glass

Figure 1. LMTOC Design Characteristics and flateria ls.
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Laborato ry P0 permeate stri pping was conducted in batch (airfl ow
only ) or continuous mode (air and wate r flow ) and took place in the pre-

• contactor stage of the LMTOC (Fig. 1). It was found most expedient to
ozonate in the batch mode since for constant density liquids an element
of fl ui d reacts for the s ame time in a batch and pl ug low reacto r .19

Ozo nation took place i n stage No. 1 and , unless otherwise noted , the
ultraviolet light was on. Proce dures , chemical anal yses , and equipment
use d in the eval uation are liste d in Table 2.

TABLE 2. PROCEDURES AND ANALYSES

Paramete r Equipment Materials or Methods

Dye tra ce r Model 110 Turner Fluorometer Uranine (d isodium sal t
of fl uorescein)

Oxygen in aqueous Yel low Springs Model 54 Sodiur~ sulf i te
solution and Oxygen Meter with stri p cobalt  chlo ride
oxygen uptake chart reco rde r (fo r deoxygenat ion~

• Ozone in a i r  — Stan dard Met hods 29

• (lo dometric ~ey~od)

Ozone in aqueous Caus ch and Lomb Spectron i c Method of S bec t cr 9
• so lution 700 spectrophotometer

Total Organic Beckman Mode l 9 1 5 or Phase -

Carbon Separation , Ltd. TOCSIN
Anal yzer

Chemical Oxygen Technicon Autoanalyzer II Method of Jirka and
Deman d Carte r3°

Diethy l ether and Hewlett-Packard 5830 Gas Head space gas ch roma-
isopropanol Chroniatograph tography method of

Cowen et al . 3

Acetone and Hewlett-Packard 5830 Gas Direct injection ras
methano l Chromatograph chromatograp hy
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HY DRAULIC REGIME CHARACTERIST ICS

To begin to characterize the flow regime inside the column , longi-
tudinal dispersion dye runs we re made for various gas flows and a water

- f low ra te of 1 1 gallons per hou r (gph) to give 50 minutes theoretical
detenti un time in each column . LSI had sparged its reactors at the rate
of 10 standard cubic feet per hour (SCFH) into each 1.2 cubic foot
col umn .23 Base d on their earUer proce dures, 10 , 20 , and 30 SCFF gas
fl ow rates were selected. To relate these gas fl ow rates to column size ,

• ex per i mental cond i tions were l isted by gas/ l iq uid ra ti os de fined as vob-
- ume of gas per mi nute per un~t volume o f liqui d (VVM) after Chi an.6

Fi gure 2 s hows the behavior of the ou tput dye conce ntra ti on i n
response to a step dye input .32 Gas flows of 10 SCFH (0.13 VVM ) i ndicate
an interme diate amount of dispe rsion whereas those of 20 and 30 SCFH

• (0.26 and 0.40 VV M , respecti vely) show a large amount of dispersion which
• approached that chara c te ristic of washout from vessels under comp lete mix

conditions. 33 The dye res ponse indicated that wastewater in previous
tests at 10 SCF H had been bess than completely mi xed . Furthermore , the
dye tests indi cate d that increasing gas flow above 20 SCFH per co1 umr
o ffe re d no addit ional advantage in hydraulic mix~nc. As a result o~these tests , 20 SCF H of gas was used when evaluat inc laboratory R~l per-
meate treatability wi th ozone on the LMTOC.

• WASTEWATER STRIPPING CHARACTERIST ICS

The signifi cantly different hydraulic regime s due to the higher cas
• flow rates and the volatile constituents in the wastewater unde rscored

the necess i ty to further i nvest i gate s tri ppi ng effec ts. C hi an 6 bad pre-• viously demonstrated the e ffects of stripping on MUST-equipped hospital
• co mposite and laboratory wastewaters , but at high VVr i ’ s (> 1 .0) and on a

ben ch scale. Furthermore , Sierk a 34 had earl ier pointed out the necessity
for gathering data on the e ffect of gas/liquid ratios and the stri opin g

• of volat ile compounds that could be expected.

b Efforts began by batch stri pping the synthetic laboratory RC permeate
• at 28°C and 50°C and VVM val ues ranging from 0.3 to 0.9.32 Table 3 s hows

• tha t TOC removal after 1 hour at 28°C was very poor no matter what the
gas flow rate (li qui d vol ume remained constant). Essentially no volati le
compounds were stripped. Stri pping at 50°C showed some improve ment afte r

• 60 minutes , rising from 4 percent to 11 percent as the gas bow i°creased.
This latter percentage probably represented most of the acetone and

• diethy l ether which are the most readi ly volatile orcanic constituents.
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TABLE 3. BATCH STRIPPING SHOWING THE EFFECT OF GAS /LIQUID RATIO
AND TEMPERATURE AFT ER 1 HOLR

Temperature Pe rcent TOG Rema i n i ng at
(°C) VVM = 0. 29 VVM = 0.48 VVM = 0.67 VVM = 0.88

28 100 99 97 99

50 97 93 90 88.5

H In or der to c hara cter i ze s trip ping i n the LMTOC at var i ous gas /liq uid
rat i os , a common re l ati on between degree of mix i ng and TOC remova l was
desirable. Dissol ve d oxygen uptake measurements were ma de in an LMTCC
chamber filled with tap water emp l oyinc identical gas/l qu 4 d ratios
earl ier used for stripp ing. 3 From this data the overall oxyaen transfe r
coe~~~cients , kLa, were calcula ted and ave raged 138 to 260 hr across the
col umn depending on the VVM.

Si -? ilar procedu res were conducted at the Univers i ty of Ill inois by
Dr. Edward Chian using a 4 liter ferirentor . A ir ~1ow rates and anitati on
in tensities were varied in order to obtain a simi 1 ar ran ge of kLa . T hese
lat ter measurements ran ged from 27 to 256 hr 1 . rollow ing this , exac tl y
the same conditions were repeated to stri p the l aborato ry wastewat2r for
a period of 1 hour. The fi rst orde r stripping rate constant k1 , of thefo r~n

d (JOG) 
= k1 [TOc] (1)

was determi ned from TOC data obtained for each run .

Based on stri pping and aeration experiments done at the US Army
Medi cal Bioengineering Research and Development Laboratory (USAMBRDL )
and at the Unive rsity of Illinois , a l inear relation was shown to exist
between the stripping rate constant , k1 at 50°C for laboratory waste-

• water and the corresponding oxygen transfe r coeff icient , kLa:
36

• k 1 
= 0.0041 6 (k La) ° 6  (2)

where both k 1 and kLa h ave un i ts i n h r~~.
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Since the rate of TOC removal varies with concentration , equation ( 1)
can be integrate d to give :

• [I
~~~.

) 
— -k1 t (3)

[TOG]0 
-

where t is stripping time in hours and [TOC] and [TOC] are concentra-
tions at t ime t and time zero , respectively. percentaBe of TOC re-oval
is then :

Percent TOG removal = (1 - ~g~0 ) X 100%

and , percent TOG removal = (1 - e
_k

l t) X 100% (
~

)
Equations (2) and (4) relate mix ing and stripping characteristics o~

a reactor for the l aborato ry wastewater. Equation (2) was obtained
from data generated in the 4-l i ter fe rmentor at the Unive rs ity of I llinois.
Table 4 shows that ca lcu 1 ated TOC and actual TOC removal percentages were
in good agreement at moderately hi gh VVM values (> 0.67). Such good
agreement between actual TOG removal experi ence d at USAMB RDL and calcu-
lated TOG removal based on Un i versity of Illinois data at comparable kLa
val ues indicates that kLa is a useful paramete r for reactor scale—up and
for correlating pe rformance among diffe rent reactor configurations while

• being used as stri ppers for removing volat i le organics .

TABLE 4. COMPARISON OF ACTUAL AND CALCULATED TOG REMOVALS AFTER
1 HOUR BATCH STRIPPING AT VARIOUS GAS/LIQUID RATIOS35

Percent Average
l
kLa, 1 

Percent
TOC Removal h r k 1 , hr TOC Removal

b
VVM (actual ) (actual ) (cal culated)a (calculate d)

0.29 2.6 1 38 0.08 7.7

0.48 6.8 207 0.102 9.7

• 0.6 7 9.7 239 0.111 10.6

0.89 11.5 260 0. 117 11.1

a. From Equation (2) .
b. From Equation (4).
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I~EATAB ILIT ~ ~ JUlES WITH OZONE AND ULTRAVIOLET LIGHT

A one we ight percent ozone concentration was used for the ozone dose.
This concentration was considered representative of expecte d field per-
formance with clean , dried , comp ressed air as feed to an ozone generator.
From th e dye di s pers i on runs , 2D SCFH of air/ozone gas (0.27 VVM) was
selecte d to ensure completely mixed conditions .

• Earlier stri pping results b ad indicated that TOC removal via mass
transfer of volatile wastewater components from sol ution was re la t ive ly
low : 11 percent after 1 hour at 50°C. ~eve rthe i ess , i t was felt tha t
the effec t of this stripping on subsenuent ozone oxi dation should be
explore d. The laborato ry wastewater is H ighl y re frac tory towards ozone
oxi dation eve n in the presence of ultrav iolet li g ht. It was desired to
determi ne if pre-stri pping woul d result in diffe rent TOC removal rates
due to volatiles being pre—stripped out of solution .

A series of batch oxi dati on runs was desi gned in wb 4 ch the synthetic
la bora tory RU pe rmea te peed was subjected to 0, 1 and 2 hours o~ con-
tinuous pre —str ippin g . Continuous pr e—str i pping was done the day be f ore
the ozone oxi dation runs to ensure that steady st~te cond itions existed
at the strippe d effl uent. Subsequentl y, the str~oped effl uent ir stace
numbe r 1 was batch ozonated at amb ient te~oerature wbi c~ varied 2~~ 3°C
over the series of runs. Table 5 sunn-ari zes t re~ tab i i i tv  test ex~er~-menta l con di t i ons .

TABLE 5. EXPERIMENTAL CONDITIONS FOR THE LABORA’ O RY ~ASTE~A~~R
TREATABILITY STUDIES

Wastewater: Synthetic laboratory wastewater after ultra-
filtration and reverse osmosis treatment

Pre-s tripping: Temperature: 50° ± 3°C
Dry air f low : 60 SCFH

• Volum e of stage : 1 .2 ft (precontactor)
Gas—l iqu id  ratio , VVM = 0.81
Continuous runs :

Wastewate r flow of 1.2 CFH : 1 hour de tention
• Was tewater fl ow of 0.6 CFH : 2 hour detention

• Ozona tion : Temperature: 23° ± 3°C (ambie nt)
Dry air flow : 20 SCFH
Volume of stage : 1 .2 ft (stage no. 1)
Gas—liquid rat io , VVM = 0.27 aOzone concentrat’on in ai r : I weight percent
Ba tch runs (no ~aste~ater flow )
Ultraviolet l i q~it on

• a. Unless othe rw ise noted.
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Figure 3 shows the effect of pre-stripping on subsequent TOC removal
by ozone w i th  ul t raviolet l ight. The po lynomial curves plotted are curves
of regress i on es tim at ed by the metho d of least squares us i ng all data
from repl i cate runs. Curve fitting by this method represented a conveni-
ent way to p lot the TOC removal trends . For best fit , only f i rs t and
second degree smooth curves were considere d because of the know n nature
of the TOC removal . W i thi n these cons tra i nts curve fi tting was good an d
the propo rti on of vari ation explained by regression , R-squared , was 0.97
or higher. For synthetic laborato ry wastewater experiencing no pre-
stripping, TOC remo val was best described by a f irs t degree ( l inear)
exp ression. The remaini ng pre—str i ppin g cases we re better descri bed by a
2nd degree pol ynomi al expression.

Initial TOC values for each curve ref lect the effect of pre-stripping.
TOG ave rage d 1 30 mg/l for those runs experi encing no pre—stripping. This
was less than the theoretical 137 mg/l predicted on the basis of the
recipe . It is felt that this is the result of some of the very volatile
components like acetone and diethy l ether coming out of solution duri ng
recipe makeup (mixing) and befo re a homogeneous fee d sam p le coul d be
taken and measured. Runs experiencing 1 hour pre -str ipping averaged
117 rng/l initial TOC or a 10 percent removal (close to the 11 pe rcent
predi cted). Those undergoing 2 hour pre—st n ipp inc averaged 112 ‘c/i
initial TOC values or 15 pe~-cert removal as compared to toe no stripp ing
case.

Comparing the 0, 1 and 2 hou r pr e—str ippi n g ‘C C ren.oval curves , it
is seen tha t the rate of TOC removal for the no pre-stripp i ng case was
sli ghtly greater until about 240 minutes when all the removal rates
became approxi mately the same . Chian had eari~ er indicate d that toe ~0C
removal observe d was probably a combinat ion of physical stripp irc and
ozone oxi dation , so a series of blank runs were made with ozone and ultra-
viole t light turred off. In these blank runs the no pre-s tripping case
experi enced a 3 mg/l TOC removal the fi rst hour , then about 1 rrc/1/hr
thereafter. The pre-str ipped wastewate rs averaged slightly less th an
1 mg/l/hr for the b lank runs.

It appears then , th at a portion of the initial TOC difference due to
pre—str ipp ing in the precontactor was soon made up by stripping in the
stages themselve s , al beit at undesirable stripping conditio ns. Figure 3
al so shows no high TOC removal rate porti on followed by a slowe r removal
rate wh ich was character i stic of the earlier bench scale studies.~ ’~
Removal rate remaine d fai rly constant throughout the entire ozonatior
period.

Fi gure 4 shows the effect of pre—st riDpin e on subsequent COD re’-~ova ’
by ozone w i th ul t rav i o l et light . The pol ynomial regression curves were
estimated by the method of least squares as previously describ ec . Like
Fi gure 3 , initial COD removal was sl i ghtly higher for the no pr e—s trip ni re
case dur ing the first few hou rs of oxidation. Un like Fi gure 3 , tre rates
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of COD removal among runs did not appear equal (and parallel ) after the
f i rst hours of oxi dation and appeared to me rge . Diffe rences between COD
or TOC val ues among runs after 8 hours we re very small and the question
became tr ivial at that point. W hat  was most signifi cant was that COD and
TOC removal was very slow and that pre—str ipping had lessening importance
because of subsequent low conversion.

Nethanol and acetone we re also measured and are p lo t ted in Figures 5
an d c .  The tren ds ref lecte d those ex per i ence d w i t h TOC an d COD , which
was appro p ri ate since methanol and acetone comp rised 79 and 15 percent o~
the was tewa ter TOC , respecti vely. One hour of pre-str ippina reduced ace-
tone 30 percent and methanol by about 11 percent. Two hours of pre—
stri pping reduce d acetone and methanol L~3 and 18 percent , respective l y.
After 5 hours of UV/ ozone oxi dation , the amoun t of acet one or me th anol
remain ing was essentially independent of the pre— stripping. The data
refle cts the p rev i ous conclus ion that slow convers ion essent i all y negated
the benefi ts deri ved by pre—stripping befo re UV/ozonation.

To explore the effect of ozone concertratior and ultravio let ‘ight ,
seve ral runs using 1.5 wei ght percent ozone in air we re made w ith and
witho ut ultraviolet li ght. Tb~y were conuare d tc previous 1 we i oht
percent and 0 weight percent (b7ar~.) ozon e rj s ~~~~ p.1 1 ru ns we re oade on
laboratory wastewater exper i enc i nc no pre -st--ip sing . Avera ge ~-esul ts
from replicate runs are plotted in Figures 7 tb~’cu gh 12 .

Compari ng Figures 7 ard 8 corcerninc TOO re”oval , i t can be seen
that ultraviolet light did imp ro ve re~-’oval when ozone was prese nt.
Dur i ng the b lan k runs , no ii ~rcvement could be seen with or without U’..
Increasin g the ozone concentr ation to ‘.5 pe rcent and adding UV ~‘eouitedin a TOC of less than 5 mg/i :~e tween 7 and 8 hou rs . This corruare s to
ove r 10 hours required for similar condit~ons and 1 percent ozone cas
concentra tion . These sa re conc lusion s can be ma de for COD data.

F i gure 9 s~ ows that no si gni fi cant airo rt of methanol was removed
during the blank runs w he t h€ r or not ul traviolet li ght was present.
Signif icant retoaro l cn r .o rs io r  occurre d onl y when ozone was adde d to
the ai r~iu~i. L l t r a ~ io1et li ~ rt ‘urthe r enhance d methanol convers i on .

Ac etcn . is ~~~ eas i 14 s~ r~pped as sH own in Figure 10. Th is is not
suro ri sir • co ’si . • “ç -ts •o~l4~ u poi nt ~56.2°C~ and that of methanol

• (64.7°C). ~~~~ i’ g •~ s ~e ’ -’~ d ~ at 50°0. ~~gure 10 in d cates that
a~iY”~ ~~~~~~~ ~~~ •~ So •~ cre c’x~dation unt~1 t~e ultraviolet li cht
WaS ~~ I C .  s~~~’j~~~~c ‘

~~~~ ~‘ h ’ an~ ‘~r~ w~ t~ LV o~’i t n  ‘.5 percen t ozone
co n ce~~raS~o~ 

r r  
~~~~~ L t  ~ ~~~~~~~ ‘ ear ’, the same . m’s suggests that

ul trav iol~ t. l ’u~ . . s  ‘ .~ S • cegr~ a- - ec~ - n’; tne acetone itse ’f . Best
res 4 ‘ S w~ ~ oV i r e ~ ~~en . ~ perrent ozone and ul:rav~o1e t l ic ~’t we re
but~ us~d.
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Methanol con ve rsion was sign ificantly a ffected by ozone concentration
as shown in Figure 1 1 . After 5 hours , 33 percent of the original methanol
content remained in solut ion when the batch was dosed wi th 1 percent ozone
by weigh t in air. The corresponding test with 1.5 weight percent concen-
tration showed that 11 percent of the ori gi nal methanol reniained.

There was l ittle diffe rence in acetone conversion between 0 percent
(blank) an d 1 percent ozone gas concentrations with the ultraviolet ligh t
on (Fig. 12). Only when the ozone concentration increased to 1.5 percent
did si gn i f i cant ad di t ional  remo val beyon d that fro m the b l a n k  run develo p.
These resul ts emphasize the desirability o~ hi gh ozone doses for e”ec-
ti ve acetone conversion.

• Comparable diethy l ether and isopropanol measure ments were attempted.
Their quantities imme di ately fell below detectable limits (< 0.1 r~.c/l)upon UV- ozone oxi dation and coul d only be measure d in the feed.

WASTEWP ITER OXIDATION CHARACTERISTICS

The COD/TOC ratio is a convenien t means to measure the efficiency of
an oxi dation process. It may be thought of as poun ds of oxygen require d
for oxi dation per poun d of carbon. More i mportantly, it is an indicator
of tne oxi dation state (sometime s cal led oxi da t~on number) o~ the ca rbon .
Oxidation state is defi ed as the charge an element in a corpound aopears
to lave when charges fro m all other ele me nts in the compounc are adde d
and set equal to zero . The COD/ TOC rati o and the oxi dation state vary
inversely.

• Moni to ri n~, COD/TOC ratios ove r time al lows a qualitati ve evaluation
of the oxi dation pathway being followed in the TOC removal reaction.
Fi gure 13 is a plot of the COD/TOC ratio versus remainin g TOC for the
synthetic laborato ry wastewate r exp eri encing no pre-stri pping. Plotted
points are ave ra ge val ues from replicate runs w it h an d wi t hou t ul tra-
violet light and at 1 and 1.5 weight percent ozone. Figure 13 indicates

• that although these factors affected the rate of TOC and COD removal ,
• - they did not signifi cantly alter the organic ca rbon oxi dation pathway .

It was noted previ ously that methanol and acetone made up 94 percent
of the TOG in the synthetic laboratory wastewater. Ongoing studi es at
the Unive rs ity of Illinois , incl uding some al ready reported , have been
concerned w ith identifying and accounting for intermediate oxidation
products of selected organic compoun ds subjected to UV/ozone oxi dation .37

It has been found that intermediate oxidation compo un ds from methanol
oxi dation include fo rmaldehyde and formi c aci d befo re conversion to car-
bon dioxi de. Similarly, breakdown products of acetone include acetic
acid , glyoxi l ic , and oxal ic aci d in one sequence and fo rmaldehyde and
fornii c acid in another. Table 6 l is ts these pro ducts and their CO D/TOC
ratios .
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TABLE 6. INTERMEDIATE OXIDATION P~ JDUCTS OF METHANOL AND ACETONE

Name Formula TOG COD COD/TOG

Methanol CH3OFi 12 48 4.0

Formaldehyde HCHO 12 32 2.67
Formic aci d H~O0H 12 16 1.33

Acetone CH3COCH 3 36 128 3.55

Aceti c acid CH3COOH 24 64 2.66
Glyoxil i c HO2CCHO 24 32 1.33
Oxalic aci d HO2CCO2H 24 16 0.67

Fi gure 13 offers some insight i nto the types of compounds be~ng
formed upon oxi dati on . Figure 13 indicates that the average C03/TOC
ratio of the compo un ds remaining in sol ution dropped from 3.8 fcr the
unstri pped , unoxidized synthetic laborato ry wastewater to about 2.65 as
rema ining TOC approached zero .

Table 7 suppl ements- Fi g ure 13 and Tab le 6 . It shows the proportion
of wastewater TOC attributable to methanol and acetone as oxi dation rro-
gressed. During the final hours of oxidation , ethanol and acetone
accounte d for approximately one—thi rd the TOG of the compounds rer’aining
in sol uti on .

The ph for the best run with syntheti c laboratory wastewate r (1.5
we ight percent ozone with ultraviolet light) is also plotted against its
TOC concentrati on. The pH val ues may be conside red typical. They fur-
ther characte ri zed the wastewater oxidation. It is felt the low pF~
resulted from the organic acids and carbon dioxide formed as TOG was
removed from solution . Based on these measurements and the relative
vol umes of other produ cts needed to attain an ove rall average COD/TOC
ratio of 2.65, it is surmised that wastewater compos ition during the
latte r stages of ozonation consisted roughly of equal parts of unreacted
methanol plus acetone , intermedi ate organic products such as acetic acid
and formalde hyde , and final oxidat ion products such as formi c and oxalic

• aci ds.

MASS TRANSFER CHARACTERIST ICS

4 The goal of the air stri pping-ozone contacto r system was to reduce
TOC to 5 mg/ i and COD to 10 mg/ i. Extrapol ating Figures 3 and 4 ind i-
cated this would take ove r 10 hours of UV—ozone oxidation which was not
acceptab le. Additional measurements provi ded some insight into the
limiting factors .
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TABLE 7. A COMPARISON OF TOTAL TOC AND THE PORTI~N CONTRIBUTED
BY METHANOL AND ACETONE FOR ONE RUN

Total TOC TOG Contri bution rercent
Ti me Into Wastewate r Contributed Contributed from Acetone of
Run (mm ) TOG (mg/l ) by Methanol by Acetone and Methanol Total TOC

0 126 108 20 128 101
60 121 59 12 71 59

120 107 49 12 61 57
180 89 33 9 42 47
240 68 21 8 29 43
300 49 12 7 19 39
360 34 4 6 10 29
420 16 2 3 5 3 1
480 3 - - - -

a. Run conditions were 1.5 weight percent ozone , UV l ioht on.

Dissol ved ozone in water measurements were made in a ru~’ usinr tap
wate r and operatin g conditions similar to those of the treatab ility runs.
Figure 14 plots the dissolve d ozone content vers us tine du ring this latter
run and l ists the conditions of the test. In F~cure l~ the disso ’ved
ozone saturation val ue approaches 3 mg/ i which is much higher than the
0.1-0.4 mg/l concentrations experi enced earlier with synthetic laboratory
wastewater uut less than the theoretical solubility of ozone in water of
5.5 mg/ l for the test conditions. The diffe rence was probably due to
ozone losses in the lines , through the sparge r, and during sampling and
measurement

Figure 14 also shows the effect of ultraviolet light on ozone decom-
pos ition in aqueous solution . As soon as the ultraviolet light was turned
on , dissolved ozone concentration immedi a te ly dropped to between 0.1 and
0.4 mg/l and did not increase. Similar observations have been made else-
where ’1 and su ggest one possi ble reason why ul trav i olet l i ght used in con-
junction with ozone increases the rate of TOC remo val when oxidizing
refractory compoun ds . Hewes and Davidson reporte d that COD removal was
roughly proportional to the ozone decomposit ion products which are
probably short-lived free radicals and ions rather than to the concen-
tration of undecomposed ozone itsel f. :z

The low dissolved ozone measurements in tap wate r when the UV light
was on raised the question about whether the low ozone concentrat4 ons
experienced durin g the laborato ry wastewater treatability tests were
solely due to UV l ight decomposition . A bl ank .run using laboratory
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wastewater but w it h no ultra violet light was done with labora tory waste-
water whi ch had been previous ly stripped for 2 hours (the “best” waste—
water) an d dissolved ozone measurements were made . Dissolved ozone ranged
from 0.1 to 0.3 mg/i over the 8 hour run . No si gn i fi cance was put on
fluctua tions wit hin this range as they refl ect the precision of the test.
It was concl uded that mass transfe r of ozone i nto solution was the prin-
ci pal rate lim iti n g factor affecti ng the treatabi li ty tests since dis-
sol ved ozone concentration in aqueous solution neve r approached 3 mg/l
and rema i ned between 0.1 an d 0.4 mi ll ig rams of ozone per li ter of
was tew ate r.

It is felt that rate of chemica l oxidat ion of the synthetic ‘abora—
tory wastewa ter was i nfl uenced by th ree r~ai~ fac tors . Fi rst was the
concen tration of COD or TOG. TOG and 001) data were both tested to see
if the rate of reaction (chemical oxidation) was of fi rst or second orde r
with respect to their concentration and it was not. The order is probably
between zero and one. The former orde r woul d be the case if diss olved
ozone concen trati on i n the wastewater was zero. The l a tter order was
found by Walden and Life Systems for ozone saturat4 on conditions. 9’20

The second factor was t~i e concentrati on o~ the dissol ved ozone in the
wastewate r, which becomes constant at satu ration . The third factor was
the intens ity o f th e ultrav i ole t li ght.

Measurement of the dissol ved ozone uptake into the tap water did
al l ow calculat ion of the ove ra1l mass transfe r coeff icient kLa based
on the l iq ui d phase fraction. The ozone mass transfe r coefficient was
foun d to be 14.23 hr • During investigation of mass transfe r in a
s par ged reactor~ Hi ll’ 0 h ad found the vol umetr i c interfacial are a , a,
to be 11 .94 ft~ for similar operating conditions (gas fl ow rate of
9.0 1/mm , VVM of 0.33 and bubble diameter of 0.125 inches). Using this
value for a, the mass trans fer coeffi cient , kL. is 1.19 ft/hr. “ultiply—
in g through by the molar liquid density to obtain the ozone transfe r flux
k , as di d Hill , k based on liquid phase driving forces becomes 4.13

X 2 X 2l b—mole/ft -hr. This compares with 6.76 lb—mole/ft -hr Hill measure d
for the gas—liquid fl ow conditions noted above but with a 3 weight per-
cent ozone in gas concentration. It also can be compare d to the 7.75
lb— mole/ ft 2-hr LSI assume d dur ing design of the contacto r for a 4.5 1/mm
gas flow , a 0.10 inch bubble di ameter and a 3 percent ozone in gas
concent ration.
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SUMMARY AND CONCLUSIONS

Lon gitudinal dye dispersion tests demonstrated that gas fl ow rates of
at least 20 SCFH (0.26 VVM) were necessary to approach hydraulic com-
p letely mixe d cond i tions w i thin a contacto r stage. Increas i ng the gas
flow rate d id not imp rove mi xing. Stri pping experiments using different
contactors at the Un iversity of Illinois and at the U.S. Army Medical
Bioeng i neering Research and Development Laboratory further related strip-
ping and mixing characte ristics for a synthetic laborato ry PU permeate .
A relat ionship was shown to exist between the stri pping rate constant ,
k1, and the correspondin ’~ oxygen transfe r coefficient , kLa , for 

r~oder-
ately high gas fl ow/liquid vol ume ratios .

Despite good mixing, ozone ox idation with ultraviolet licht of the
synthetic laborato ry wastewater was poor. The relatively low 1 percent
we ig ht ozone i n ai r dose was fel t to be the major factor. Di ssol ved
ozone measurements in solution we re very low (0.1—0.4 nig/l ) throun~out
the treatability tests compare d to a demonstrated potential o~ 3 ~c-/~.
In addition , the measure d ozone mass transfe r coefficient for the condi-
tions of the experi ment was signifi cantly less than that used du rir 2
design of the contactor. It was conclude d that inadequate mass transfe r
of ozone i n to solu ti on rather than reacti on rate was th e or~nc ip a 1 cause
of the slow TOC removal . Such slow removal effectively negated any
initial benefi t gained from pre -stripp ing .

Methanol and acetone were the two largest laboratory RD permeate
components . Data indi cated that the rate of methanol conversion ~.as
principally affected by tu e ozone concentration in the air. The rate
of acetone convers i on was most affectec by the presence or absence of
ultrav iol et light . The organic carbon oxidation pathway as monitore d by
GOD/TOG ratios was not affected by hi gher ozone concentration or ultra-
violet l ight. Data indi cated that although these factors increased the
rate of TOG an d COD removal , they di d not affect the rati os themsel ves.
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LIST OF ABBREVIATIONS AND ACRONYMS

a volumetr ic interfacia l area

C concen tration (at any time t )
°C degrees Celsius
CFH cub ic feet per h our
C 1 initial concentration

COD chemical oxygen demand

ft feet
gmw grain molecular weight

gpd gallons per day
hr hour
k1 

f i rst or der str ipp in g ra te constant
kLa overal l mass transfe r coeffi cient , l iquid pnase :asis

• k
~ 

mass tran sfer flux , liqui d phase basis

1 li ter
lb poun d

LMTOC Life System Modi fied Torrice lli Ozone Contactor
• LSI Life Systems , Inc.

mg/l milligrams per liter

mm minute

MUST Medi cal Un it , Self-Contained , Trans por tab le
mr nanometers

RD re verse os mosis

SGFH standard cubic feet per hour

sec seco nd

TOG total organic carb on

UF ul trafiltration

USAMBRDL United States Army Medical Dioengi neerin g and Research
Laborato ry

— - 
UV ultrav iolet light

VVM vo l ume of gas per minute per unit volum e of li quid

WPE Wa ter Processin g Element

ul rnicrolite r

uwatts microwa tts
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