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I ntroduction

Currently with the progression of the pollution in water sources, considerable attention has
been given to the application of membrane filtration technology using microfiltration or
ultrafiltration membranes to the surface water treatment as an alternative to conventional
coagulation sedimentation and sand filtration. The microfiltration and ultrafiltration membranes
are appropriate for complete removal of suspended solids or bacteria, but cannot completely remove
such dissolved organic matter as the humic substances due to their small molecular size. The
humic substances, which have become a problem as a trihalomethane precursor in the process of
surface water treatment, mainly consist of humic acids of relatively high molecular weight (more
than ca 1,500) and fulvic acids of relatively low molecular weight (less than ca 1,500) [1], and it is
believed that it would be difficult to completely remove the humic substances by such single
treatment as flocculation and adsorption because they have so broad molecular weight distribution.
Moreover, the humic substances often cause the membrane fouling in the membrane filtration
process, and therefore many researches on membrane filtration of humic acids of the high molecular
weight fractions have been reported recently [1-8]. Also, the pretreatment by flocculation or
adsorption and the combination with ozone treatment have been devel oped to reduce the membrane
fouling [9-15].

In this study, hybrid ultrafiltration combined with both treatments of flocculation effective for
humic acids and adsorption effective for fulvic acids is developed for removing humic substances.
The validity of this method is verified from the standpoint of both filtration rate and regjection of
solutes by conducting hybrid ultrafiltration of humic acids, fulvic acids and humic substances,
respectively.

Experimental Method and Materials

Humic acids obtained by refining commercia humic acids, fulvic acids extracted from
commercial leaf soils, and humic substances prepared by mixing humic and fulvic acids were used
as the sample materials. Humic acids were prepared by dissolving commercial humic acids
(Wako Pure Chemical Ind. Corp., Japan) with alkaline solution, adjusting the solution pH to 5 after
removing insoluble contents by filter papers, and filtering it by 0.5 mm microfiltration membranes.
Fulvic acids were prepared by filtering alkali-extracted commercia leaf soils by 0.5 mm
microfiltration membranes, taking the supernatant solution after adjusting the filtrate pH to 1 for the
removal of humic acids, and filtering it by 0.5 mm microfiltration membranes after adjusting its pH
to 5. The obtained humic and fulvic acid solutions were used singly as the sample fluid, and
furthermore the mixtures of equal amount of both solutions were used as the humic substance
solutions. The concentrations of humic acids, fulvic acids and humic substances were evaluated
by the absorbance at a wavelength of 260 nm, E260, usualy used in the field of the surface water
treatment. Poly aluminum chloride (PACI) was used as a flocculant and powdered activated
carbon (PAC) was used as an adsorbent. The PACI dosage was expressed by the aluminium
concentration in the sample fluid, mg-Al/l. PAC used in this study had a surface mean diameter of
2.67 nm, a BET specific surface area of 954 m?/g and a mean pore size of 1.83 nm. Hollow fiber
(cellulose acetate) ultrafiltration membranes (FUC1582, Daicel Chem. Ind. Corp., Japan) were



employed for ultrafiltration experiments. Membranes had an effective length of 35 cm, an inside
diameter of 0.8 mm, an outside diameter of 1.3 mm and a molecular weight cut-off of 150,000 Da.

In flocculation experiment, after a given amount of PAC| was added to the sample solution
and the flocs were formed by 3 min rapid agitation (120 rpm) and 10 min slow agitation (50 rpm),
the absorbance E260 of the filtrate obtained through a 0.45 mm microfiltration membrane was
measured to obtain the solute concentration in the supernatant. In adsorption experiment, after a
given amount of PAC was added to the sample solution and it was shook at a speed of 120 rpm at a
given time, the absorbance E260 of the filtrate obtained through a 0.45 mm microfiltration
membrane was measured to obtain the concentration of the solutes which were not adsorbed.
Furthermore, combination experiment of flocculation and adsorption was also performed by adding
both PACI and PAC.

A schematic drawing of the membrane filtration apparatus is shown in Fig. 1. After given
amounts of PACI and PAC were added to the feed solution in the agitated vessel with the agitation
of 120 rpm, the feed solution was flowed into one hollow fiber ultrafiltration membrane a a
single-pass mode by a peristaltic pump, and then ultrafiltration experiment was conducted under the
constant pressure condition of 98 kPa controlled by a reducing valve by applying compressed
nitrogen gas. The filtrate weight was measured using an electronic balance, and the solute
concentration in the filtrate was measured by reading the absorbance E260.
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Fig. 1 Schematic diagram of experimental hybrid ultrafiltration apparatus

Results and Discussion

Flocculation properties by addition of PACI

In Fig. 2, E260 of the supernatant after flocculation by addition of PACI divided by (E260),
of the solution before flocculation is plotted against the aluminium concentration ¢, in the sample
fluid for various conditions of pH. All plots of E260 have a tendency to decrease as ¢, increases
and increase sharply above certain auminium concentrations. This is because the
negatively-charged humic substances are flocculated due to charge neutralization caused by the
positive aluminium ions under the lesser dosage of PACI, while under excessive amounts of PACI
the humic substances are positively charged and redispersed due to adsorption of aluminium ions.

In Fig. 3, the flocculation properties of each of humic and fulvic acids at pH 5 where the
humic substances are flocculated effectively are shown and compared with those of humic
substances. The figure shows the humic acid is flocculated more effectively than the fulvic acid.
This is because the fulvic acid does not form so large flocs due to the flocculation pattern that the



fulvic acid with a low molecular weight adheres to the surface of aluminium particles [13]. In
order to investigate a correlation between the results for each of single components and the humic
substances, the regjection of humic substances calculated based on the additivity of that of each
single component is shown with a dotted line in Fig. 3. The calculated result is similar to the
measured one but underestimatesit dightly. This may be attributed to the fact that the removal of
fulvic acidsis dightly improved by the existence of humic acids since the fulvic acids are involved
in the flocs of humic acids.
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Adsorption properties by addition of PAC

In Fig. 4, E260 of the sample solution after adsorption by addition of PAC divided by (E260),
of the solution before adsorption is plotted against the PAC dosage ¢ for various conditions of pH.
The adsorption time was set at 2 hours at which the amount of adsorption comes to equilibrium.
The value of E260/(E260), has a tendency to decrease dramatically and subsequently show a gentle
decrease as C; increases.  Also, the plots show that the adsorption performance is improved with a
decrease of pH since the electrostatic repulsive interactions are diminished by the decrease of the
negative charges of both humic substances and PAC [16].

In Fig. 5, the adsorption properties of each of humic and fulvic acids at pH 5 are shown and
compared with those of humic substances. The figure shows the adsorption performance of the
humic acid is higher than that of the fulvic acid, and therefore PAC used in this study is aso
effective to adsorption of the humic acid with relatively high molecular weight.  Furthermore, the
adsorption by PAC is more effective in removing the fulvic acid than the flocculation by PACI as
shown in Figs. 3 and 5, while in removing the humic acid, both adsorption by PAC and flocculation
by PACI are useful very well. In conclusion, it is considered most reasonable to remove poorly
flocculated fulvic acid by PAC, the humic acid by PACI which is cheaper and more manageable
than PAC, and the humic substances consisting of humic and fulvic acids by a combination of PACI
and PAC. Thedotted linedrawn in Fig. 5 isthe rgection of humic substances calculated based on
the additivity of measured results for each of humic and fulvic acids. The calculated result is
approximately in agreement with the measured one, which verifies the validity of the additivity.
In addition, the amount of adsorption in equilibrium of humic acid, fulvic acid and humic
substances measured in this study can be described by Freundlich equation, as reported in other
literature [16].
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Combinational effect of flocculation by PACI and adsorption by PAC

In Fig. 6, the rgjection of the humic substances by a combination of flocculation by PACI and
adsorption by PAC in ¢, of 1 mg-Al/l and c; of 100 mg/l is shown and compared with that by each
single treatment. The combination of PACI and PAC can improve the rgection of the humic
substances significantly compared with each single treatment except the condition of pH 3, because
the humic acids with high molecular weight are removed by the flocculation treatment and
unflocculated fulvic acids with low molecular weight are removed by the adsorption treatment.
Also, the ssmultaneous addition of PACI and PAC is compared with the sequential addition of them
inFig. 6. When adding PAC first or both simultaneously at higher pH, the rejection of the humic
substances becomes alittle lower, because the fulvic acids with low molecular weight are prevented
from getting inside PAC due to the blockage of pores of PAC by the humic acids with high
molecular weight [17]. At lessthan pH 5, however, thistrend is not so significant.
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In Fig. 7, the experimental results in ¢, of 3 mg-Al/l are shown. This figure demonstrates
that the rglection of the humic substances at pH 3 becomes lower when adding PAC first or both
simultaneously. Also at pH 5, the removal performance becomes lower when PAC is added first,
but the decrease in remova performance in the simultaneous addition as shown at pH 3 does not
occur.

Ultrafiltration combined with flocculation by PACI and adsorption by PAC

In Fig. 8, the experimental results in crossflow ultrafiltration (u. = 0.11 m/s) of humic
substance solutions are plotted in the form of the reciprocal filtration rate (dg/dv) and the rgjection
R of the humic substances defined as { (E260),- E260}/(E260), against the filtrate volume v per unit
effective membrane area.  This figure shows the experimental data for four types of ultrafiltration
operation (with flocculation and adsorption
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filtration resistance but the flocs of PAC formed by the addition of PACI are easily swept away by a
shear rate on the membrane. Thus, it is concluded that hybrid ultrafiltration combined with both
flocculation and adsorption treatments is the best method for obtaining both high rejection of humic
substances and high filtration rate.
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In Figs. 9 and 10, the results of the same ultrafiltration experiments are plotted for the humic
acids and fulvic acids, respectively. Also for humic acids, the high rejection is obtained by a
combination of flocculation and adsorption. However, the filtration rate decreases markedly due
to the growth of filter cake when adding PACI and/or PAC. The combination of both treatments
leads to higher rejection also in case of fulvic acids. The filtration rate observed for fulvic acids
has a tendency to decrease due to the cake growth when only PAC is added, but the decline in
filtration rate is suppressed by the addition of both PACI and PAC since the flocs of PAC formed
by PACI are easily swept away. |n addition, the flocs of fulvic acids are aso easily swept away as
expected from the result of filtration rate in the
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increase with an increase of PAC dosage, while the filtration rate becomes the highest at ¢, of 100
mg/l. These figures suggest that there exist the optimum dosages of PACI and PAC.

In Fig. 13, the effects of the average crossflow velocity u; flowing inside of a hollow fiber
membrane on the properties of hybrid ultrafiltration are shown. It is clearly demonstrated that the
substantially high filtration rate can be maintained by the crossflow effect, just like crossflow
ultrafiltration of proteins or nanoparticles [18]. On the other hand, the rejection is little affected
by the crossflow velocity.

Conclusions

A method has been developed for removing humic substances by hybrid ultrafiltration
combined with both flocculation and adsorption treatments. Flocculation by use of PACI was
specialy effective for the removal of humic acids referred to the relatively high molecular weight
fractions of humic substances, whereas adsorption by use of PAC was able to remove fulvic acids
of relatively low molecular weight effectively which could not be fully flocculated by PACI.
Consequently, the combined operation of flocculation and adsorption was extremely effective for
the treatment of humic substances. It was shown that both flocculation and adsorption
characteristics of humic substances were strongly influenced by the solution pH. Hybrid
ultrafiltration in combination with flocculation and adsorption treatments exhibited high permeate
flux with high permeate quality. It was appeared that the dosages of both PACI and PAC exerts
large effect on the filtration performance, and that there exist the optimum dosages of PACI and
PAC.
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Nomenclature

Cc = concentration of PAC added to solution [mg/l]
Co = concentration of Al in PACI added to solution [mg-Al/l]
E260 = absorbance of solution at 260 nm [-]
(E260), = absorbance of solution at 260 nm before treatment [-]
p = applied filtration pressure [Pa]
R = regjection of solute [-]
Uc = average crossflow velocity flowing inside of hollow fiber membrane [m/g]
v = filtrate volume per unit membrane area [m]
Greek letters

q = time [s]
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