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Auramine, acationic dye, wasremoved from syn thetic wastewater by ion flo tation of auramine-sodium
lauryl sul fate com plex. Over 98% of auraminewas re moved fromthe solutionin 15 min. A stoichiometric
amount of surfactant (1 mol of surfactant to 1 mol of dye) was found to be most ef fec tive for auramine re-
moval. Therateof separationandul ti materemoval of auramineincreasedwithincreasingtherate of air flow
anddecreasedwithincreasingconcentrationof NaNG,. Auraminewasal soremoved by ad sorbing colloid flo-
tationtechniqueusingfer richy drox ideasthecoagulant. Sodiumlauryl sul fatewasused asthecol lector, and
over 95% of auraminewasremovedin 10 min. Thesep aration ef fi ciency de creasedwithin creasingionic
strengthof thesolution. Thedel eteri ousef fect of neutral saltwascom pen sated somewhat with the aid of alu-
mi numionsastheacti vator. Bothionflotationandad sorbing colloid flotation are promising ap proachesfor

theremoval of cationic dyefrom wastewater.
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INTRODUCTION

Auramineisused asacationicdye(C.l. Sol vent Yel low
34) for paper, tex tiles, andleather. It has al so been used asan
anti septicorafungi cide. It may enter theenvi ronment from
industrial dischargesor spills. Auraminemay beacar cinogen
in hu mans since it has been shown to cause liver and lym-
phaticcancersinani mals.2 Chemi calssimi lartoauramine
candestroy or disturbtheabil ity of thebloodtocarry ox y gen.
Continuous exposures to auramine-like chemicals have
caused liver and kid ney dam age. Therefore, amethod to treat
dyewastewater containing auramineishighly desir able now
and in the near fu ture.

lonflotationtechnique®® isapro cessin which anionic
sol ute, called the colligend, isre moved from aque ous so lu-
tionby adding sur face-activecol lectorionsof achargeop po-
siteto that onthe colligend, and then bub bling the air through
thesolution. If thecon centrationsof thecol lec tor and col-
ligend aresuf fi ciently high, aprecipi tateisformed and when
bub blesarepassedintothesolution, theparti clesarecarried
andfloatedout. Atlower concentrations, noprecipi tateforms
prior tothead vent of air, but in stead col lectorionsad sorb on
thebub blesand at tract colligend ionsto them. When the bub-
bles reach the sur face of the aque ous so lu tion, afoamis
formedinwhich asolid phaseisdeposited.
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Appli cationsof ionflotationtech niquefor treat ment of
dye wastewater are rare. Huang et al.’ re ported that Di rect
Blue 1 (an anionic dye) can be ef fec tively re moved from
agueousso lutionsby ionflotation. Thistech niquehasnever
been ap plied for cationic dyeremoval. In this paper we de
scribe some stud ieswe have re cently made on theionflo ta-
tion of auramine (acationic dye) from ague ous so lution. So-
dium lauryl sul fate (NLS) was used asthe col lector. It was
found that 98% auramineisremovedfromthesolutionbyion
flotationin15min.

Thead sorbing colloid flotation tech nique hasbeen ap-
pliedinremov ingvari ousinor ganicspeciesfromaqueousse
lutions.®*2 Thistech niquein volvesthead di tion of aco ag -
lant (fer ric or alum ni trate) to pro duce afloc. Thedissolved
inor ganic species(metal ionsor anion) aread sorbed ontothe
floc par ti cleand/or coprecipitated withit. A surfactantisthen
added, ad sorbsonto thefloc par ti cle, and rendersit hy dre
pho bic. On bub bling air through the so lu tion, thefloc is ad-
sorbed ontherising bubblesand car ried out fromthesolution
by the foam.

Theappli cabil ity of adsorbing colloidflotationasa
techniqueto treat dyesin wastewater hasbeeninvesti gated
for dyes of only four kinds- Magenta,™ Di rect Red,™ Acid
Red,” and Di rect Blue.” Previ ouswork on thead sorbing
colloid flo tation of Magenta (a cationic dye) with fer ric hy-
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drox ideand NL Sshowed that eventhough therateof separa-

tion of the floc (with ad sorbed dye) was fast, particul ates,

which set tled in asmall amount at the bot tom of thesep ara-

tion col umn, were not re moved by thefoam. Fur ther more, a
rel atively largeamount of surfactant (200 ppm) wasrequired
toremovethefloc fromthesolution. These draw backswere
notfoundinthead sorbing colloidflotationof anionicdyesof

Di rectBlue,” Di rect Red,** and Acid Red;"* all the flocs were
removed fromtheagueoussolution by thefoam, and the con-

centration of surfactant needed for an ef fectiveseparation

was much smaller (40 ppm). It isthusworth whileto test ad-

sorbing colloid flo tation on wastewater containing other

cationic dyesto as sesswhether thistech niqueisgener ally

use ful to treat such wastewater or not. In this pa per the data
revealedthat NL Sconcentrationat 60 ppmwassuf fi cient for

an ef fectivesep aration, and over 95% of auraminewasre-

moved in 10 min.

EXPERIMENTALSECTION

Materials

Reagent-gradesodiumlauryl sul fate(NL S, Mallinckrodt
Baker, Inc.) wasused asthecol lector with out fur ther puri fi-
cation. Reagent-gradeauramine (Sigma-Aldrich Cor pora
tion), sodium ni trate, fer ric ni trate, and alu mi numni trate
(RdH Laborchemikalien GmbH & Co. KG.) were used for
samplepreparation.

Theapparatusforionflotationandadsorbingcolloid
flotationwassimi lar tothat described ear lier.™® A soft glass
col umn60cminlengthwithaninsidedi ameter of 3.5cmwas
used. The bot tom of the col umn was closed with arub ber
stop per with holes for agas spar ger and a stop cock to take
sam plesand to drain the col umn. The gas spar ger wasacont+
mer cially avail ablegasdisper siontube. A lipped sidearm
near thetop of the col umn served asafoam out | et.

Com pressed air was gen er ated from a Hiblow SPP-
6EBSair pump. Therateof air flow wasad justed withaHoke
needlevalvewith mi crometer control and measured witha
soap filmflowmeter. Theair waspuri fied by passagethrough
glass wool to re move particul ates, through Ascarite to re-
move car bon di ox ide, and through distilled water for con-
trolled rehumidification.

Flotation Procedure of Auramine
Fortheionflotationruns, NLSwasaddedtothesample

solutiontoformthedye-surfactant com plex, thepH of theso-

lutionwasad justed, thesolutionwaspouredintothesepara-
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tion col umn, and the timer was started. The rate of air flow
wasad justed beforethe sam ple so lutionwaspouredinto the
column.

Forthead sorbing colloidflotationruns, ferricni trate
wasadded to thesam pleso lution, and thepH wasad justed to
pro duce thefloc. Auramine was ad sorbed on or coprecip i
tated with the floc. NLS was added to ren der the floc hy dro-
pho bic, and theso lution wasthen poured into thecol umnfor
separation.

ThepH of the so lution was measured with apH meter
(Suntex pH 537 Mi cro pro cessor pH meter). All runswere
made with 250 mL of test so |u tion that con tained 25 ppm
auramine. Theex peri mentswereper formedunder roomtem-
per ature. Du pli caterunswere per formed for each set of con
ditions.

Instrumental Analysis

Theconcentrationsof dyeinthesamplesolutionswere
deter mined using aUV/Visspectrophotometer (Varian Cary
300). Theabsorbanceof thesamplesolutionwasmeasured at
theab sorption peak (430 nm) and com pared withthecal i bra
tion curve ob tained by measurement of the absorbance of the
stan dard aque ous so lution. It wasfound that the ad di tion of
NL Stothesolutionhad noef fect ontheab sorptionat 430 nm.
Fortheadsorbingcolloidflotationruns,asample(5mL) was
with drawn and the pH of the so |u tion was ad justed to 3.
Auraminewasdesorbed al most completely fromthe Fe(OH)s
floc which was re moved by centrifugation (Hettich, 2500
rpm, 3 min). The absorbance of the supernatant was mea
sured at 430 nm and com pared withthecal i bration curve.

RESULTS AND DISCUSSION

The ef fect of pH ontheion flo tation of the auramine-
NLSisshowninTablel. Themoleratio of NLSto dyewas

Table 1. The Effect of pH on lon Hotation®

% Removal®

pH 5 min 10 min 15 min

3 458 +4.2% 774 +2.5% 92.4+2.3%
4 46.0 £ 1.7% 774 £1.4% 93.0* 0.3%
6 476 +2.3% 77.0£3.7% 93.2+ 0.0%
7 59.8 £ 3.7% 89.8 £3.1% 97.4+0.3%
8 54.8 = 0.0% 87.6 £1.1% 97.2+2.8%
9 62.8 £ 7.4% 88.6 £ 4.8% 97.2+ 0.0%

& Air flow rate = 120 mL/min, moleratio NLS/dye = 2.0.
b Average value and standard deviation of duplicate runs
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2.0 for these runs. Over 97% of the auramine was re moved
fromthesolutionbyionflotationin15minat pH 7-9. The
rateof separationand separationef fi ciency decreased some-
what if thepH of thesolutionwasadjustedtoolow, probably
duetotheinter fer enceof theauramine-NL Scom plex for ma-
tion by the added acid.

Theef fect of surfactant con centrationontheionflota-
tion of auramineisshownin Table2. Atasmaller concentra-
tionof surfactant, therateof separationissiower, presumably
duetothein com pletedye-surfactant com plex for mation. It
wasfound that al:1 moleratio of surfactant to dyeisenough
foranef fectiveseparationwithapprox i mately 94%removal
in 15 min. In creasesin surfactant dosage had lit tle ef fect on
theseparationef fi ciency. Thisfindingisquitedif fer entfrom
there sults of sol vent sublation of Magenta-NLS,*® Di rect
Red-HTA," Acid Red-HTA ™ and ion flotation of Direct
Blue’ stud ied by Huang et al., who found that the rate of re-
moval of dyesdecreased withincreasing con centration of
surfactant, when it was much in ex cess of the stoichiometric
amount. Thiscontradictionisprobably duetothedif fer ence
inthefor mation constant of thedif fer ent surfactant-dyecont
plexes and also dueto the dif fer encein the moleratio of the
dye and surfactant of the com plexes.

Sol vent subl ation of theauramine-NL S com plex op er-
atesinaway simi lar tothat occur ringinionflotationex cept
that the sur face-activematerial istransferred tothe par af fin
oil onthetop of theaqueoussolution. Themoleratioof NLS
todyewas1.0for sol vent sublationruns. Thesep aration ef fi-
ciency of auramineremoved by sol vent sublationissimi lar to
that by ionflotation; 94.4% of auraminewasre moved by sol-
vent sublationin 15min. Thereisal most no benefitresulting
fromtheaddi tionof par af finoil totheseparationsystem;itis
advisabletoremoveauramine-NLScom plex fromsolution
by ionflotationrather than by sol vent sublation. Theef fect of

Table 2. The Effect of NL S Concentrati on on lon Flotation®

% Removal®
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Table 3. The Effect of Air Flow Rate on lon Flotation®

% Removal®

Air flow rate

(mL/min) 5 min 10 min 15 min
120 52.4+0.0% 81.6+0.6% 94.0+0.6%
150 70.6 £2.0% 92.4%+0.6% 98.0*1.1%
180 75.8+0.3% 92.8+0.6% 98.0+ 0.6%
200 74.0+2.3% 92.8+0.0% 97.6+1.7%

#pH = 7.0, mole raio NLS/dye = 1.0.
® Average value and standard deviation of duplicate runs.

gasflow rateontheionflotation of auramineisshownin Ta
ble 3. Therate of sep arationin creased somewhat within
creasing rate of gasflow asex pected.

Theef fect of NaNO; on the rate of removal of auramine-
NLScomplex by ionflotationisshowninTable4. Thesepa
rationef fi ciency decreasedsignif i cantly withtheaddi tionof
neutral salt, presum ably duetothecom peti tionfor col lector
be tween the colligend and the ions of salt.>52Wil sonet al 1’
alsoobservedtheinhibiting ef fect of neutral salts(NaNO;,
KCl and NaH»PO,) on the sol vent sublation of both meth y-
lene blue-tetradecy! sul fate and methyl or ange-HTA dye-
surfactantcomplexes.

Another seriesof ex peri mentswereper formedusing
theadsorbingcolloidflotationtechniquetoremoveauramine
from ague ousso lution. Theef fect of pH onthead sorbing
colloidflotation of auraminewithfer richy drox ideflocis
shownin Table5. So dium lauryl sul fate was used as the col-
lec tor and frother. It was found that the rate of re moval was
rapid at a pH range of 5-8; over 93% of auramine was re-
movedin 10 min. Therateof separationand separation ef fi-
ciency de creased somewhat if the pH of thesolutionwasad
justedtoolow, probably duetoincompletefor mationof ferric
hy drox idefloc at lower pH.

Theef fect of surfactant dosage onthe sep aration ef fi-
ciency of ad sorbing colloid flotation of auramineisshownin

Table4. The Effect of NaNO; Concentration on lon Fl atation®

% Removal®

NL S/dye

(moleratio) 5min 10 min 15 min
0.5 38.4+17% 57.6+06% 68.2+1.4%
1.0 52.4+0.0% 81.6+06% 94.0+ 0.6%
15 56.6+2.0% 85.0+25% 95.4+ 0.8%
2.0 59.8+3.7% 89.8+3.1% 97.4+ 0.3%
25 50.4+1.4% 888%*23% 97.8%* 0.8%
1.0° 51.2+23% 80.4+11% 94.4+ 0.6%

& Air flow rate =120 mL/min, pH = 7.0.
P Average val ue and standard deviati on of duplicate runs
¢ Percent removal of solvent sublation.

NaNO3

(N) 5min 10 min 15 min
0.00 75.8 £ 0.3% 92.8 £0.6% 98.0+ 0.6%
0.05 54.0 £ 0.0% 89.2 £1.7% 98.4+ 0.6%
0.10 452 + 4.0% 79.4 £2.5% 96.6 = 0.8%
0.20 33.4 +0.8% 62.4 +5.1% 89.0+ 4.8%
0.40 28.6 + 0.8% 50.6 +0.8% 77.6 £ 2.8%

& Air flow rate = 180 mL/min, pH = 7, mole ratio NL Sdye = 1.0.
® Average value and standard deviation of duplicate runs.
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Table5. The Effect of pH on Adsorbing Col loid Flotati on with

Lu and Chen

Table 8. The Effect of Fe(111) Concentration on Adsorbing

Fe(OH)5® Colloid Flotation?
% Removal® Fe(Ill) % Removal®

pH 3min 5 min 10 min (ppm) 3min 5 min 10 min

3 44.4*57% 53.0*0.3% 74.8 * 0.0% 20 64.2 £3.1% 81.6 £5.7% 02.2+3.1%
4 52.2+1.4% 58.6 £ 0.3% 696 +1.1% 40 71.6 £0.6% 84.8 +£0.6% 91.6+2.3%
5 60.6 = 0.3% 75.2+2.3% 93.0+0.8% 60 774 +3.1% 88.6 +3.1% 95.2+1.7%
6 58.0*x2.3% 74.2 £ 3.7% 93.2*0.6% 80 81.8*1.7% 90.6 =£0.6% 05.8* 0.6%
7 58.6 £ 2.0% 74.6 £ 3.1% 92.4 £ 0.0% 100 82.2 £ 0.8% 90.2 £0.3% 95.4 £ 0.3%
8 50.2+1.1% 74.2+0.8% 93.0 £ 2.0%

@ Fe(OH); = 100 ppm, NLS =80 ppm, ar flow rate= 120

mL/min.

b Average vaue and standard deviation of duplicate runs.

Table 6. The Effect of NLS Concentrati on on Adsorbing Col loid

Flotation®

NLS % Removal®

(ppm) 3 min 5 min 10 min
20 29.6 £ 0.6% 33.8+2.0% 42.0+0.6%
40 372+ 1.1% 48.0+ 4.0% 68.2 + 0.8%
60 63.2 +£0.0% 75.4+ 1.4% 91.8+ 0.8%
80 60.6 £ 0.3% 75.2+2.3% 93.0+0.8%

100 65.8 £ 3.1% 78.8 % 4.0% 92.4%+1.7%

& Fe(OH)3 = 100 ppm, pH = 5.0, air flow rate = 120 mL/min.
P Average vaue and standard deviation of duplicate runs.

Table6. NLSconcentrationat 60 ppmwassuf fi cient for an
ef fectiveseparation. Increasesinthesurfactant dosagehad
littleef fectontheseparationef fi ciency.

The ef fect of rate of air flow on the sep aration ef fi-
ciency of ad sorbing colloidflotation of auramineisshownin
Table7. Therateof separationin creased somewhat within-
creasing rate of air flow, as ex pected. A to tal of 95.4% of
auraminewasremoved in 10 min with an air flow rate of 180

Table 7. The Effect of Air How Rate on Adsorbing Coll oid
Hotation?

% Remova ®

&NL S= 60 ppm, pH = 5.0, air flow rate =180 mL/min.
b Average value and standard deviation of duplicate runs

mL/min.

Theef fect of iron(111) dosageonthesep aration ef fi
ciency of auramineisshownin Table8. Iron(lIl) concentra
tion at 80 ppmwassuf fi cient for an ef fectiveseparation. In
creasesintheiron(l11) dosagehadlittleef fect onthesepara
tionef fi ciency. Therateof separationdecreased somewhat if
theiron(l11) dosagewaslower (20 or 40 ppm), pre sum ably
duetoin com plete coprecipitation of auraminewith anin suf-
fi cientamount of fer richy droxidefloc.

Theef fect of neutral salt (NaNO3) onthesep arationef
fi ciency of ad sorbing colloid flotation of auramineisshown
inTable9. Theseparationef fi ciency decreasedwithincreas
ingionic strength of the so lution, presum ably dueto ade
creaseof thesur facepotential of thefloc by thead sorption of
theanion (ni trateion) inthe solution, such that the sur face
potential of theflocwasnolonger posi tiveenoughfor asuf f
cient amount of an ionic surfactant to be ad sorbed. It was
found that only 50% of auramine was re moved in 10 min
fromasolutioncontaining 0.4 equiv/L of NaNOs.

Theinhi bi tionef fect of neutral saltsonadsorbing colloid
flotation of vari ousheavy metal ions™®** and dyes"**** with

Table9. The Effect of NaNO; Concentration on Adsorbing
Colloid Flotation®

% Removal®

Air flow rate

(mL/min) 3min 5 min 10 min
90 50.4*1.7% 53.6*x45% 66.6x3.7%
120 63.2+0.0% 75.4+14% 91.8+0.8%
150 71.4+25% 85.4+08% 93.4+0.8%
180 82.2*0.8% 90.2*x03% 95.4%*0.3%
200 77.4+3.7% 91.2+23% 94.0+x1.7%

& Fe(OH)3 = 100 ppm, NLS = 60 ppm, pH =5.0.

P Average vaue and standard deviation of duplicate runs

NaNOj;

(N) 3 min 5 min 10 min
0.00 81.8+1.7% 90.6 +£0.6% 95.8+ 0.6%
0.05 442 +1.4% 55.6 £0.0% 85.0+ 2.0%
0.10 38.0 £ 0.6% 47.4 £0.3% 74.0+1.1%
0.20 326 +1.4% 39.0 +£1.4% 56.8+5.1%
0.40 28.6 £ 2.0% 31.6 £4.0% 50.4 £ 0.0%

2 Fe(OH)3= 80 ppm, NLS = 60 ppm, pH =5.0, air flow rate =
180 mL/min.
b Average value and standard deviation of duplicate runs
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Table 10. The Effect of Al(l11) Concentration on Adsorbing
Colloid Hotation of Auraminefrom Solution
Containing 0.4 N of NaNO3*

% Removal ®

Al(I11)
(ppm) 3 min 5 min 10 min

0 28.6 £ 2.0% 31.6 £4.0% 50.4 £0.0%
10 344+ 1.7% 428 +3.4% 60.6 £0.3%
20 41.6*0.6% 546 £0.3% 78.6 £4.8%
40 51.8+3.1% 63.6 £ 2.8% 85.8 +£0.3%
80 56.5+1.1% 69.3+2.8% 93.6 £0.3%

@ Fe(OH); = 80 ppm, NLS = 60 ppm, pH =5.0, air flow rate =
180 mL/min.
b Average vaue and standard deviation of duplicate runs.

Fe(OH) s floc and NL S can be com pen sated for withtheaid of
aumi numionastheacti vators. Weat temptedtousethesame
techniquefor theremoval of auraminefromsolutioncontain-
ing 0.4 equiv/L of NaNOzby adsorbingcolloidflotation. The
resultsareshownin Table 10. Alu mi numionwasavery ef-
fectiveacti vatorfor thissystem. Ef fectiveseparationwith
93.6% removal of auraminewas achieved in 10 min when 80
ppmof alumi num(l11) wasadded. Theef fect of alumi numion
astheacti vator ispresum ably duetothein crease of the sur-
facepotential of thefloc by thead sorp tion of alumi num(l 1)
spe cies on the Fe(OH) ; floc (or by forming amixed precipi-
tate), such that asuf fi cient neg atively charged surfactant
(NL'S) can be ad sorbed onto the sur face of the floc, thusren-
der ing thesur face of thefloc hy dro phobic. Thisresultsinan
effectiveseparation.

CONCLUSION

Auramine was removed effectively from synthetic
waste water by ion flo tation with an anionic surfactant, so-
diumlauryl sul fate; over 98% of auraminewasremoved from
thesolutionin 15 min. A stoichiometric amount of surfactant
(1 mol of surfactant to 1 mol of dye) was found to be most ef-
fectivefor removal of auramine. Theseparationef fi ciency
increasedwithincreasing rateof air flow and decreased with
increasingconcentrationof NaNQs.

Ad sorbing colloid flo tation of auraminewith Fe(OH)3
flocand NL Sisef fectivewith 95% removal of auraminein 10
min. Theef fi ciency of separationdecreasedwithincreasing
concentrationof neutral salt(NaNOs), presumably duetode-
creased sur facepotential of theposi tively chargedfloc by the
ad sorption of anion (ni trateion) intheso lution; thesur face
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potential of thefloc wasnolon ger posi tive enough for ad
sorptionof asuf fi cientanionicsurfactant. Thedel eteri ousef
fect of neutral salt on the adsorbing colloid flotation of
auramineiscom pen sated for by the use of alu mi numion as
acti vator, whichincreasesthesur facepotential of theflocas
aresult of thead sorptionof Al(l11) species.
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