CHAPTER 1l
REMOVAL OF TRACE Cd2+ USING CONTINUOUS MULTISTAGE ION
FOAM FRACTIONATION: PART I—THE EFFECT OF FEED SDS/Cd
MOLAR RATIO

3.1 Abstract

In this research, a continuous multistage ion foam fractionation column with
bubble-cap trays was employed to remove cadmium ions from simulated wastewater
having cadmium ions at a low level (10 mg/L). In this study, sodium dodecyl
sulphate (SDS) was used to generate the foam. An increase in feed SDS/Cd molar
ratio enhanced the removal of Cd. However, the SDS concentration above a certain
level resulted in wetter foams, leading to having a high volume of generated foam
that lowered both the enrichment ratio and separation factor of the Cd. The SDS
recovery tended to increase with increasing feed SDS/Cd molar ratio. The molar ratio
of SDS/Cd in foamate was found to be close to the theoretical adsorption molar ratio
of 21 on the air-water interface of foam when the system was operated at a feed
SDS/Cd molar ratio in the range of 2/1 to 7/1. lon foam fractionation has been
demonstrated in this study to be a promising technique for high heavy metal removal
(more than 99%) for a feed having a low heavy metal concentration in the ppm
(mg/L) level.
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3.2 Introduction

The removal of heavy metal ions is of particular interest in hazardous waste
management due to their severe toxicity to living organisms. Their high solubility in
aquatic environments makes them accumulate in the food chain [1], Numerous
treatment techniques are now available for removing heavy metal ions from aqueous
solutions. These include chemical precipitation, solvent extraction, ion exchange,
membrane filtration, and electrolysis. However, these mentioned techniques are not
considered to be economically feasible for treating large volumes of wastewaters
containing heavy metals at low levels due to the high operational cost, which results
from large volumes of chemicals and/or high energy consumption [2,3]. It has been
shown that when treating a large volume of dilute wastewater with solvent
extraction, the loss of the solvent and the high cost of the energy are significant
economic problems [4], Most electrolytic processes are ineffective at low heavy-
metal concentrations due to the low mass-transfer rate, leading to high energy
consumption [5], Lime precipitation has been found to be one of the most effective
heavy metal removal techniques, if the heavy metal concentration is higher than iooo
mg/L; however, it still requires a large amount of lime and produces a large quantity
of residue [3],

Adsorptive bubble separation, including foam fractionation, is based on the
selective adsorption or attachment of materials onto the surfaces of gas bubbles
rising through a solution [¢]. The foam fractionation ofions is similar to ion flotation
but uses an excess of surfactant or a proper frother to produce stable foam [7], This
process offers many advantages for the treatment of industrial wastewaters compared
to other treatment processes, including: low space and energy requirements; simple
plant design, operation, and scale-up; and low capital and operating costs [s], Not
only surfactants are removed by adsorption at the air-liquid interfaces, but other
components that form complexes with the surfactants also tend to be concentrated
[9].

Foam fractionation processes can be used to concentrate and remove
dissolved materials, including surface active solutes from aqueous solutions. In a
foam fractionation operation, air is introduced into the system to generate air
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bubbles, and surface active solutes adsorb preferentially at the bubble-liquid
interface. The bubbles proceed upwards to the top of the column to produce foam.
This foam layer (froth) can physically be separated from the bulk liquid and the
surface active solutes are simultaneously removed. Only a small volume of entrained
liquid is carried with the bubbles into the foam phase (froth) due to the gravitational
liquid fdm drainage. Once the foam collapses, the concentrated liquid (foamate)
contains the surface active solute at a much higher concentration than that found in
the feed. To maximize the separation efficiency in terms of the enrichment ratio and
the removal of the surfactant, the foam fractionation column has to produce just
sufficiently stable foam with high liquid film drainage [i0].

In removing trace heavy metal ions from a dilute wastewater with large
volume, the ion foam fractionation appears to be particularly promising [L1], lon
flotation <foam fractionation> was shown to have the highest copper recovery to the
lowest residual copper concentration as compared with ion, precipitate, and sorptive
flotation [12]. lon foam fractionation was found to offer high metal removal (-100
%) at a low feed metal concentration (50 mg/L) with both low chemical and energy
costs [3]. However, the main problem of ion foam fractionation is that nearly
complete removal (>99 %) always yields a large volume of foamate with a low
heavy metal enrichment ratio while dry foam always comes with low heavy metal
removal efficiency [13,14 ,15].

lon foam fractionation has many attractive features for removing trace metal
ions from aqueous solutions [12-17]. However, most of the studies were in lab scale
with a single stage and hatch mode of operation [14-15,17-20] while a few of them
were carried out in continuous mode [13,21], Only one study focused on process
design to reduce the interstitial liquid or liquid hold-up in the foam [21]. Further
development of ion foam fractionation equipment and processes is still needed to
improve the separation efficiency by reducing liquid hold-up in the foam without
causing foam collapse.

From our previous study, the separation efficiency of multistage foam
fractionation for the recovery of cetylpyridinium chloride (CPC), a cationic
surfactant, from water was found to be much higher than that in a single-stage
system, especially in terms of the enrichment ratio and % recovery of the CPC [22],
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In this present study, we extend the application of continuous multistage foam
fractionation with bubble-cap trays for the removal of trace heavy metals. The
purpose of this work was to demonstrate continuous multistage ion foam
fractionation for the removal of trace heavy metals from wastewaters. Cadmium was
selected as a model heavy metal and sodium dodecyl sulfate (SDS) was used to
generate foam in the present work. The effect of feed SDS/Cd molar ratio was
investigated.

3.3 Experimental

3.3.1 Materials
Sodium dodecyl sulfate (SDS) and cadmium nitrate (Cd(Nos)2-aHz0 )
with a purity of 97 % and > 99 %, respectively, were obtained from CARLO ERBA
REAGENTI (ltaly) and used as received without further purification. Deionized
water was used in all experiments.

3.3.2 Setup of The Multistage Foam Fractionation Unit

The multistage ion foam fractionation apparatus used in this study and
the arrangement and the dimensions of the bubble-caps in each tray are shown in
Figure 3.1. The multistage ion foam fractionation column was made from an acrylic
cylinder with a 17.4 ¢cm inner diameter and was assembled to have different trays of
up to 5 stages. Each tray had 22 bubble caps with a weir height of ¢ ¢cm and a cap
diameter of 2 cm. The tray spacing was 15 cm. Each bubble cap tray, except the
lowest tray, had a downcomer with a diameter of 4 cm to allow liquid overflow to a
lower tray. The liquid level in each tray was fixed at a weir height of 3 ¢cm. On the
top tray, there was a foam column having the same inner diameter (17.4 ¢m) and
different foam outlet heights at 30, 60, and 90 cm.

3.3.3 Operation of The Multistage Foam Fractionation Unit
The ion foam fractionation system with 5 trays was operated in
continuous mode in this study. A 10 mg/L Cd feed solution was prepared by
dissolving Cd(Nos)2'aH20 in deionized water. SDS was then added into the feed
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solution to have different feed SDS/Cd molar ratios. The feed solution was
continuously fed into the top of the column at different feed flow rates in the range of
25-100 mL/min corresponding to the feed flux flow rate of 1-4 L/min m. by using a
peristaltic pump (Masterflex®, L/S® Digital Drives). Compressed air from an air
compressor was introduced below the bottom tray and the air flow rate was regulated
in the range of 30-100 L/min using a rotameter. Due to insignificant influence of
temperature on the performance of ion foam fractionation in the range of 15 0Cto 34
C, [13], the experiments were carried out at room temperature, 25-27 OC. The foam
at the top of the column was collected by allowing it to flow out at different foam
heights of 30, 60, and 90 c¢cm. The collected foam was left to collapse by itself to
obtain foamate.

The studied system was first operated to determine the time to
establish steady state, which was around « h. Steady state was ensured when all
measured parameters were invariant with time. After steady state conditions, samples
of the feed solution, the collapsed foam solution (foamate), and the effluent were
collected and analyzed for SDS and Cd concentrations; All samples were acidified
with concentrated nitric acid to a pH below 2 for preservation. Both volumetric flow
rates of foamate and effluent were also measured. The data were obtained from at
least three runs and the average data were used to assess the process performance of
the multistage ion foam fractionation system. By performing mass balances of the
cadmium and the SDS, the average error was found to be less than 10 %.

3.3.4 Analytical Methods

The concentration of SDS was measured by a total organic carbon
analyzer (Shimadzu, TOC-VCSH). The concentration of cadmium ions was
determined by an atomic adsorption spectroscope (AAS , Varian, SpectrAA 300). To
eliminate SDS interference on the cadmium analysis, a cadmium standard solution
containing SDS at the same concentration as in any diluted sample was used for
obtaining the calibration curve [23], According to the AAS specification, the
measurement range of cadmium with high accuracy is 0.02-3 mg/L. Exceeding this
concentration range, the calibration plots usually deviate from linearity. Therefore,
all sample solutions were diluted to approximately a 1 mg/L Cd concentration before
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the analysis. The recommended wavelength of 228.8 nm for cadmium analysis was
employed in the analysis. The surface tension was measured by using a drop shape
analysis instrument (Kruss, DSA 10). The pendent technique was used to measure
the surface tension of surfactant solutions containing different concentrations of
SDS, Cd(NC>s)2 and NaNC>s. The sample chamber temperature was kept constant at
room temperature (25-27°C) and the humidity in the sample chamber was kept
saturated in order to minimize the evaporation effect during measurements.

3.3.5 Calculations
The process performance of the studied multistage ion foam
fractionation column was assessed by calculating the enrichment ratios of SDS and
Cd, % SDS recovery, % Cd removal, the foamate volumetric ratio (Vf/Vj), the
residual factors of SDS and Cd, and the separation factors of SDS and Cd [24]. All

assessment parameters are described as follows:

Enrichment ratio =2 1 cf/Ci, (3.1)

% SDS recovery or % Cd removal = (vicj =VeCe)(loo)ivijcj, (3.2)
Residual factor = CelCi, (3.3)

Foamate volumetric ratio = VIIVj, (3.4)
Separation factor = CfiCe, (3.5)

where Cf and Cj are the surfactant or Cd concentrations in the foamate (collapsed
foam solution) and in the influent (feed), respectively. CE€is the SDS or ¢d ion
concentration in the effluent stream, and Vj, Vf, and v e are the volumetric flow rates
of feed, foamate, and effluent, respectively.
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Figure 3.1 (a) Schematic of a multi-stage foam fractionation unit and (b) schematic
ofabase ofa tray (top view).

3.4 Results and Discussion

3.4.1 Operating Limits

A multistage ion foam fractionation unit must be designed properly to
allow it to function well. Both air and foam flow only through the bubble caps of the
tray. The liquid flows only through the downcomer, not through the bubble caps. The
liquid is not completely wept out through the perforations. The liquid is carried over
with the generated foam at minimum. Finally, air does not bubble up through the
downcomers. All of these requirements lead to various operating limits of the
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multistage ion foam fractionator. In order to have a stable operation and functioning
of a multistage ion foam fractionation column, both the air and liquid flow rates must
be regulated within the proper ranges to meet several requirements. Three important
operational conditions— foam formation, flooding, and weeping/dumping— are
considered to be the constraints of the operation of ion foam fractionation. A
sufficient air flow rate is needed in order to produce stable foam to reach the foam
outlet at the top tray. The definition of flooding in ion foam fractionation operation is
analogous to that in a distillation column. The flooding is defined as “excessive
accumulation of liquid inside the column” [25], Hence, the flow rate of the effluent is
not constant. For any given low or moderate air flow rate, downcomer flooding can
occur at very high liquid flow rates. As a result, the liquid level in each tray becomes
higher than the overflow weir of the downcomer because of the limitation of the
liguid flow through the downcomer. For any given liquid flow rate, entrainment
flooding occurs at very high air flow rates, causing some liquid to be carried upward
to an upper tray. The last operational problem is dumping. This phenomenon is
caused by a low air flow rate. The pressure exerted by the air is insufficient to hold
up the liquid on the tray. Therefore, liquid starts to leak through the bubble caps; that
is, the liquid on all trays will crash (dump) through to the base of the column.

Figure 3.2 shows the boundaries of the operational zone of the studied
multistage ion foam fractionator operated at a feed SDS/Cd molar ratio of 7/1 and a
number of stages of 5. When the system is operated at a very low air flow rate, it has
a low foam production rate, leading to low removal. However, a longer foam
residence time derived from a low air flow rate led to a dry foam with a high
enrichment ratio. On the other hand, when it is operated at a very high air flow rate, a
large fraction of the liquid in the column is transferred into the foam phase, leading
to a low enrichment ratio. A high air flow rate, however, results in a high foam
production rate and a high mass transfer surface area available for heavy metal ion
adsorption, leading to higher removal. When the system is operated at a very high
liquid flow rate, the separation efficiency expectedly decreases. This is attributed to a
lower residence time of the liquid in the column. Therefore, the optimum conditions,
in which both % removal and enrichment ratio are high, should be located far away
from the boundary lines, represented by a dash line called the “optimum zone”, as
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depicted in Figure 3.2. With increasing surfactant concentration, the entrainment
flooding line tends to shift to lower air flow rates and the downcomer flooding line
tends to shift to higher feed flow rates, while the insufficient foaming region tends to
be contracted because of higher ability for foam formation. The values of both air
flow rate and liquid flow rate located in the operational zone were used to run all
experiments in order to avoid all of the operational constraints (dumping, insufficient
foam, and flooding).
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Figure 3.2 Boundaries of the operational zone of the studied foam fractionator at a
feed SDS/ Cd molar ratio of 7/1, a foam height 0f 60 cm, a feed Cd concentration of
10 mg/L, and the number of trays equal to 5.
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3.4.2 Surface Tension Isotherm Results
The plots of surface tension versus the log of initial SDS
concentration at different added cadmium (Cd(No 3)2) and added sodium (NaNO03)
concentrations are shown in Figure 3.3. The molecular area of adsorbing SDS or the
surface excess concentration of SDS at the air-water interface can be determined as a
function of the bulk SDS concentration by applying the Gibbs adsorption equation:

1 dy
nRTdIn ¢ (3.6)

where r is the surface excess concentration or adsorption density of surfactant ion
(DS"), y is the equilibrium surface tension, ¢ is the bulk SDS concentration, R is the
gas constant, T is the absolute temperature and, prefactor ( ) is equal to 2 or 1 for
SDS in the absence or in the presence of an excess concentration of electrolyte with
the common counterion (Na+), respectively [26]. However, in the presence of an
excess concentration of electrolyte with different counterions from the surfactant (i.e.
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Cd2+), the adsorption of the surfactant ion (DS*) is also expressed well by the Gibbs
adsorption equation with = 1[27], As shown in Figure 3.3, the addition of NaNCss
does not have a significant effect on the surface tension isotherm of the SDS for both
cases of with and without Cd(NC>s).. In contrast, there was a significant shift of the
surface tension isotherm of SDS for both cases of with and without NaNCss when
Cd(NUsy. was added. The results suggest that the surface excess concentration of
SDS increases significantly in the presence of Cd2+ because the divalent cadmium
lons coadsorb preferentially more than the monovalent sodium ions [28].
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Figure 3.4 Adsorption density as a function of concentration of SDS and SDS with
10 mg/L of Cd2+at 25 ¢ to 27 c¢ inthe absence of NaNC>s.

The experimental surface tension data (Figure 3.3) at SDS
concentrations below their critical micelle concentrations (CMC) at different Cd
concentrations were well fitted by using second-order polynomial regressions. The
calculated values of the adsorption density of SDS at different conditions are shown
in Figure 3.4.

In the absence or presence of Cd ions, the adsorption density of the
dodecyl sulfate ion was found to increase with increasing bulk SDS concentration
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and to reach a plateau at high bulk SDS concentrations, indicating that the surface
excess concentration has reached a constant saturated (maximum) value. The
maximum surface excess concentrations of SDS for both systems, with and without
cadmium, were found at about a quarter of their CMCs, as shown in Figure 3.4 and
Table 3.1. The CMC, the surface tension at the CMC (Ycmc), the negative logarithm
of SDS concentration in the bulk phase required to obtain a surface pressure of 20
mN/m (pC-0), and the saturated surface excess concentration (rm) of the SDS with
and without counterions of Cd2+ and Na+are shown in Table 3.1. The values of the
CMC and Yemc were determined from the reflection points in the Y-log C curves. The
CMC value can be related to the standard free energy of micellization. The pCzo can
be related to the Gibbs free energy of adsorption of a component from bulk liquid to
the bubble surface and the efficiency of surfactant adsorption [26],

Table 31 cCalculated values of CMC, Yeme pCao, and saturated surface
concentrations (Tm) of SDS alone and in the presence of cadmium and sodium ion
concentrations

. CMC Yeme rm

Surfactant solution pCz0

(mM) (MN/m) (mollcm?2)
SDS 1.5 33.6 2.68 3.4%10 1w
SDS +0.09 mM

4.5 33.4 3.12 4.6x10 10
Cd2+ (10 ppm)
SDS +0.9 mM Na+ 6.0 33.4 2.69 3.5%1040
SDS +0.09 mM
Cd2+ (10 ppm) + 45 33.5 3.10 4.6%10 w0
0.9 mM Na+

During the rising of air bubbles through a solution, the convective
diffusion resistance is relatively low because of the strong turbulence resulting from
air bubble rising [29,30], The equilibrium adsorption density of the SDS-Cu system
was found to be reached in about 1 [11], Therefore, the equilibrium surface tension
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and adsorption density can be obtained within short residence times of bubbles in the
studied ion foam fractionation system. It is interesting to note that, for the studied
system with a feed cadmium concentration of 10 mg/L, the adsorption densities of
both cadmium and dodecyl sulfate ion were found to reach about 90 % of the
maximum values at a bulk SDS concentration of 0.7 inM, corresponding to a
SDS/Cd ratio of 8/1 (see Figure 3.4).

At an added Na+ concentration of 0.9 mM, it was found that the pCazo
of the SDS with cadmium ions is higher than that without cadmium ions, whereas the
CMC is lower, as shown in Table 3.1. These results suggest that both micellization
and adsorption at the air-water interface are promoted more with an addition of the
cadmium ions, as indicated by the high surface activity of cadmium counterion
(Cd2+) as compared to sodium ions. This can be explained in that cadmium ions can
easily penetrate the surface layer (Stem layer) and neutralize the charge of the
adsorbed surfactant anions (DS) more effectively than sodium ions because of the
attractive force between the divalent cation Cd2+ ions and the SDS ion, facilitating
the dehydration of the Cd2+ [31,32], The results presented above suggest that, in the
presence of surface active dodecyl sulfate anion (DS'), the Cd2+ exhibits higher
apparent surface activity than the Na+ Hence, Cd2+ can be carried out with foam by
adsorbing on the bubble surface, with insignificant competitive adsorption of sodium
ions dissociated from the SDS.

3.4.3 Correlation of Cd and SDS in Foamates and Effluents

A basic principle of an ionic surfactant adsorption at air-water
interface is the electroneutrality at the air-water interface and the sum of the negative
charges of the adsorbed surfactant headgroups and the positive charges of the
adsorbed counterions is equal to zero [17,26], For the studied ion foam fractionation
system consisting of SDS and cadmium ion, Cd2+, it can be described by Equation
3.1

210+ M= 16 (3.7)
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For Cd removal, since the Co2+ exhibits higher apparent surface activity than the
Nat, & discussed in the previous section, the acsorption of Na+with DS' at the air-
water interface can ke neglected. Therefore, the rDs7Tod ratio is equel to 271
Hence, the Col2+ is removed only & Cd(DSi2 via the acsorption on the buboole
surface. The concentration of SDS in foamate can be related to thet of caomumin

foaete by Equation 38 [17]:

[DS] = m{Ca]
and  log[Cc+! = log[DS"] —logm (38)

where m s a molar ratio of DS' to Co+ aosorbing ortto the air-water interface of
foam Fgure 35 shows the correlation of Cdl and SHS concentrations in the foamate
and effluent of the stucied muitistage ion foam fractionation unit operated &
dlifferent feedl SDSICd molar ratics (> 2), foam heights (30-90 cm), feed flow rates
(25-100 mUmin) and ar flow rates (40-100 L/min). The experimental ceta of
foamete in the optirmum zone andl low foam flux region were successfully fitted with
Eopation 38 (R2 0.96) by using the linear regression, and the calculated values of m
were 2.14 and 1.9, respectively. These values of the [SDSJ/[Cd] molar ratics in the
foamate were very much close to 2/1, indicating that the acsorption of negative
surfactant fons & the Interface is totally neutralized by the adsorption of Cd
counterions when the system wes operated in either the aptimum zone or in the low
foam flux region. However, the molar ratio of SDS to Cdl in the foarmate was found
to be much higher than 2 when the system was operated in the excessive entrainment
region. This is because a high feed SDS'Cd molar ratics, the generated foam
contained a high fraction of licuid, which wall be discussed later.
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Figure 3.5 Correlations between Cd and SDS concentration (3) in the foamete and
() inthe effiuent & anumber of stages equal to 5 with different feed flow rates, air
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As shown In Fgure 35b, the SDS/Cd molar ratio in the effluent is
lowier in the low foam flux region cle to low Cd removal; whereas in the excessive
entrainment condition, the system tencs to show a higher SDS/Cd molar ratio in the
effluent because a sufficiently large bubble surface is proviced for Cd acsorption
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The effect of feed SDSCd nolar ratio on the SDS'Cd molar ratio of the effluent will
e discussed in detail in the next section.
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344 Effect of Feed SDS/Cd Mblar Ratio

In a foam fractionation operation, it is necessary that both the
enrichrment ratios and the removals of SDS and Cd are & high & possible. An
Increase in surfactant concentration resuits in increasing removal but wet foam can
be uncsirably procuced, resulting in lowing enrichment ratics 2], Hence, the
effect of feed SDS/Cd molar ratio wes investigated in this study. The molar flow rate
of a component in a foanete, which is related to the removal of Cd or the DS
recovery, Is governed by both adsorptive transport and bulk liouid transport. The
acsorptive tramsport andl bulk liouid transport refer to the etenal transfer by the
adsorption on the bubble surface and the entrained liquid in the foam larrella,
respectively. The former is an upvard stream of the adsorbed materials without
carmying liquid while the fatter is an upvard stream of the lamella liquid with
unaosorbed meterials. The adsorptive transport can be expressed as AT, the proolct
of flow area (crm2min) and surface excess concentration (mol/cm?). The increase in
bulk liouid transport can be affected dlirectly by an enhancement in liuid
entrainment in the foam which is charactenized by an increase in the foarrate
volumetric ratio. This mechanism can reduce both the enrichment ratios and the
resicual factors. However, if there is an insignificant amount of a conponent in the
foam lamellae, the resicual factors cannot be recticed by the bulk liquid transport

Foure 36a shows thet an increase in feed SDS/Cd mmolar ratio
Increases the Cdl removal and reaches a plateau (~ 97 %4 a a feed SDS/Cd ratio of
§/1. For 100 %Cd removal, the feed SDS/Cdl molar ratio wes found to be around
131.This might be attributed to an increase in the ackorptive transport of Co
resulting from both an increase in the atility for foam formation and the increase in
the acsorption censity of the SDS-Cd complex with increasing feed SDS/Cdl olar
ratio. As shown in Hgure 360, the foamete volumetric ratio is low a low feed
SDS/Cd rmolar ratios but aoruptly increases at a feed SDS/Cd molar ratio greater then
111, suggesting thet the bulk liouid transport is low at low feed SDS/Cd molar ratics
out is high at high feed SDSYCd nolar ratics. The sarp increase in foamate
volumetric ratio (vfivj) associated with an Insignificant reduction in the resicual
factor of Cul (Figure 3.6¢) beyond a feed SDS/Cdl olar ratio of 81 suggests tht the
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Increasing bulk liquid transport hes an insignificant effect on the resicual factor of
Cd because the Ca+ ions preferentially aosorh & the air-water interface of foam
leacing to the smell aount of unadsoried Cd in the foam lamellag, & previously

dliscussed.

The enrichment ratio of either SDS or Cd decreases sustartially with
Increasing feed SDS/Cd molar ratio and approaches unity at avery high feed SDSCa
molar ratio (13/1), & shown in Fgure 3.60. This is because of the dilution effect by
the entrained liquid, which is increased with increasing feed SDS/Cdl molar ratio, &
Inclicated by an increasing foarmate volumetric ratio. At the highest SDS'Cd molar
ratio of 131, entrainment floodling wes oloserved, &s indlicated by the extremely high
fraction of liquid distriouted into the foam (foamete volumetric ratio = 0.8), leading
to both the enrichment ratics approaching unity:

The SDS separation efficiency in tens of recovery and resioual factor
showed opposite trencs as compared o those of G The SDS recovery shows a
minimum whereas the resicual factor of SDS reaches a meximum at a feed SDSCd
molar ratio of 6/1, 8 shown In Hgures 3.6a and 3.6c, respectively. Tre effluent SDS
concentration wes also found to increase with increasing feed SDS/Cd molar ratio, &
shown inFgure 3,60, Because the bulk licuicl transport is low & feed SDS/Cd molar
ratis below 61 & mention above, the separation performance of the SDS should ke
dominantly governed by the aosorptive transport. These results suiggest thet the
acsorptive transport of the SDS does not increase proportionally to the increasing
feed molar flow rate of the SDS, although the adsorption censity increases with
Increasing initial SDS concentration. Similar results were also reported in the
literature for single-stage foam fractionation [13]. From a visual observation of the
experiments, it was found thet, at any feed SDS/Cd molar ratio below 6/1, the
solution in tray 3 couldl not generate a sufficiently stable foam to pess through the
buboble caps of the upper tray due to the very low SDS concentration in the solution
Intray 3 indlicating thet & a SDS/Cd molar ratio lower then 6/1, the meximum
separation performance of the studied multistage fon foam fractionation columm is
achieved a a number of trays equal to 3 and an increase in the numboer of trays
beyond 3 cannot enhance the separation efficiency. The resuts also suggest thet to
lower surface tension and to ontain stable foam throughout the ion foam fractionation
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colun, a feed SDSCd molar ratio greater than 61 Is neeced. Beyond a feed
SDS/Cd molar ratio of 6/1, bulk liquid transport s promoted, as incicated by the
large increase in foamate volumetric ratio, leading to decreasing the resioual factor of
SDS (see Fgure 3.6¢).

AS shown in Houre 366, the molar ratio of SDS/Cd in the foamete is
approximately equal to 211 & a feed SDS/Cd molar ratio below 7/ The results also
confirm the interaction between SDS and the Cdl ions & the air-water interface of
foam with a theoretical ratio approaching 2/1. Beyond this feed SDS/Cd molar ratio,
the molar ratio of the SDS/Cd in the foamate and the foarmate volumetric ratio further
Increasedl remarkably with increasing feed SDS/Cd molar ratio. The Increase in the
molar ratio of the SDS/Cd in the foamete IS attrbuted to the increase in the bulk
liuidl transport, as indlicatedl by the increase in the foamate volunetric ratio.

As shown inFigure 366, the molar ratio of the SDS/Cd in the effluent
Increases drastically with increasing feed SDS/Cd nrolar ratio. This s because an
Increase in the feed SDS/Cd nolar retio simply increases the SDS concertration in
the system. The resuits of the molar ratio of SDS/Cd in the effluent and the effiuent
Cd concentration suggest thet the effiuient Col concentration cecreased abruptly with
Increasing the feed SDS/Cd molar ratio Up to 5/1. However, it only slightly cecreased
with increasing the feed SDS'Cdl nolar ratio beyond 51 Hence, an increase in the
feed molar ratio of SDS/Cd beyond 711 I useless, causing increasing effluent SDS
concentration, as shown In Fgure 36d. It is worth mentioning thet a high feed
SDS/Cd molar ratio of 7/1 Is necessary to obtain the saturated Surface excess
concerttration (rn) of the SDS-Cd complex andl to lower the surface tension. The first
IS required for obtaining meximum cadmum removal per surfece area flux. The
seoond is required to rectice the energy required to create bubbles, leadling to an
Increasing foam proouiction rate. To achieve more than 99 %Cd removal and to meet
anallowable limit of Cdl for effiuent discharged into awatercourse (< 0.1 mo/L) [33],
the studied multistage on foam fractionation unit hes to be operated a a feed
SDS/Cd molar ratio not less then 71 (not less than 180 myL of SDS for 10 myL of

Cd in feed).
Foure 3.6f shows that the separation factor of SDS declines snarply
with increasing feed SDS/Cd rmolar ratio at low feed SDS/Cd molar ratios; but it
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slightly decreases a high feed SDS/Cd molar ratios. This is because of the strong
ckcrease in the enrichment ratio and the srarp increase inthe resiolial factor for SDS
resuiting from the increases in the bulk liuid transport, as inciicated by the increase
In foamete volunetric ratio. Interestingly, the separation factor of Cd increased with
Increasing feed SDS/Cal molar ratio and reached a meximum at a feed SDS/Cd molar
ratio of 6/ Beyond this optimum feed nolar ratio for the SDS/Cd, the separation
factor of Cd cecressed remarkably with increasing feed SDS/Cd molar ratio. The
resuits can be explained in thet the foamete volumetric ratio only slightly increased
with incressing feed SDS/Cd molar ratio at low feed SDS/Cd molar ratios but
increased significantly a high feed SDS/Cdl molar ratics. However, regarcing the
requirerent of high Cd removal to meet the effluent dlischarge stancares for Cd, a
small excess of the feed SDS/Cd molar ratio might e needed to ensure a low
resicial factor of Cd. By trading off very low Cdl and ressonably low SDS
concentrations in the effluent, an optimum feed molar ratio of SDSY/Cd should e
around &1 for the studied ion foam fractionation system, which can achieve a very
low Cdl concentration of 0.06 myL. In adition, the effect of feed SDS/Cd rmolar
ratio a a higher foam height (60 cm) also showed similar trencs (results not shoan
here). The effects of other operational parameters will be reported in Part 11 of this
Sries,

3.5 Conclusions

This study denorstrated the ability of ion foam fractionation to remowe
Ca2+ fons from simulated westewater a a very low feed Cd concentration of 10
myL. Inthe present work, a multistage ion foam fractionator wes found to be a
promising technique for heavy metal removal & low heavy metal concentrations in
te pom (my/L) level. Anincrease in feed SDS/Cd nrolar ratio was found to promote
Cd removal. This is due to an increase in the ability for foam formation, and the
adsorption density of CokSDS complex a the bubble surface. However, a very high
feed SDS/Cd molar ratio resuits in procucing wetter foam leading to a lowering of
enrichient ratios andl separation factors of both Cd andl SDS. The studied multistage
lon foam fractionation unit—operated at the optimum feed SDS/Cd nolar ratio of
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§/1, anair flow rate of 60 L/min, afeed flow rate of 40 mLimin, a foam height of 30
om, anumber of trays equal to 5, and a feed Cd concentration of 10 mg/L— provickd
a\ery low concentration of Cd in effiuent of 0.06 mg/L with a high Cd ennchrrent
ratio of 13
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