International Journal of Environmental Science and Technology (2019) 16:423-430
https://doi.org/10.1007/513762-018-1685-z

ORIGINAL PAPER

@ CrossMark

Treatment of stabilized landfill leachate in an integrated
adsorption—fine-ultrafiltration system

D. Kulikowska' - M. Zielinska' - K. Konopka'

Received: 10 October 2017 / Revised: 5 April 2018 / Accepted: 5 May 2018 / Published online: 15 May 2018
© The Author(s) 2018

Abstract

This study investigated the feasibility of using an adsorption—fine-ultrafiltration system for removing organics from stabi-
lized landfill leachate. For adsorption, Norit SX2 powdered activated carbon was used; the fine-ultrafiltration system was
equipped with a ceramic membrane. Due to low organics removal efficiency in fine-ultrafiltration alone (series 1) (46.5%
of chemical oxygen demand, 22.1% of dissolved organic carbon), two doses of activated carbon were used for adsorption
before fine-ultrafiltration: 0.2 g/L (series 2) and 1 g/L (series 3). Although organics removal efficiency at both doses of
Norit SX2 differed (12.9 and 34.5% of chemical oxygen demand, 12.2 and 54.7% of dissolved organic carbon, at 0.2 and
1 g/L, respectively), permeate quality did not differ substantially. Although the use of Norit SX2 improved permeate quality
in comparison with fine-ultrafiltration alone (220 mg/L in series 2 and 209 mg/L in series 3 vs. 842 mg/L in series 1), its
particles blocked the membrane and lowered the permeate flux even at the lower dose. In the series with adsorption, perme-
ate flux was about 10 times lower than during fine-ultrafiltration alone. This indicates that, in fine-ultrafiltration preceded
by adsorption on activated carbon, it is reasonable to use the lower dose of Norit SX2 because the efficiency of treatment
is similar to that at the higher dose, but the reduction in permeate flux is somewhat less. These results indicate that the pos-
sibility of using adsorption—fine-ultrafiltration in the practice of leachate treatment is limited because of blocking membrane
pores with particles of activated carbon.
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Introduction systems (Sanjay et al. 2013; Assou et al. 2016; Kamaruddin

et al. 2017) can be used. Some authors used the combina-

Although leachate from old landfills usually contains much
lower concentrations of organic pollutants than leachate
from young landfills, its treatment remains a problem due
to low biodegradability of organics. As refractory organ-
ics predominate in stabilized leachate, biological methods
are not effective for their removal. These substances can
be removed with physicochemical treatments, which can
also be used to polish biologically treated leachate. Among
these treatments, coagulation, advanced oxidation, including
ozonation and Fenton reaction, adsorption and membrane
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tion of different physicochemical methods such as coagu-
lation—adsorption (Gandhimathi et al. 2013; Chaouki et al.
2017).

Among the various membrane technologies, reverse
osmosis (RO) and nanofiltration (NF) have been found to
be efficient in removal of organic contaminants from lea-
chate. RO can remove suspended and colloidal materials,
dissolved solids and heavy metals, with an efficiency of
98-99% for organic and inorganic contaminants (Renou
et al. 2008). Despite its more open membrane structure, NF
can also remove recalcitrant organic compounds and heavy
metals (Chaudhari and Murthy 2010). This method removes
particles with a molecular weight (MW) > 300 Da and inor-
ganic substances via electrostatic interactions. The major
drawback to RO and NF is that they consume high amount
of energy, and the rate of consumption increases with the
feed pressure.
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Therefore, a low-pressure membrane technique like
ultrafiltration (UF) is used in separation and purification
because of its high efficiency and lower energy consump-
tion, which lowers treatment costs. The separation efficiency
of this technique mainly depends on the size of particles of
the separated compounds and the molecular weight cutoff
of the membrane. UF is effective in eliminating macromol-
ecules and particles, but is characterized by low rejection
of organics with low MW. Therefore, for obtaining higher
efficiency of contaminant removal, integrated systems, i.e.,
adsorption—UF, are used for treatment of water/wastewater
that contains pollutants with different MWs. For example,
an activated carbon adsorption—UF effectively removed
organic substances from landfill leachate (Dolar et al. 2016).
In such systems, the role of activated carbon suspended in
the feed solution is to adsorb low-MW organic compounds
that cannot be separated by UF alone. Campinas and Rosa
(2010) showed that powdered activated carbon (PAC)-UF
is effective for removing cyanobacteria and their toxins dur-
ing water treatment. In this kind of system, PAC efficiently
removes microcystin and competes with the membrane for
natural organic matter (NOM), which reduces the adsorp-
tion of NOM on/in membrane structure, whereas UF retains
cyanobacteria.

Although the basic idea of combining adsorption with
UF is to obtain high rejection of contaminants, adding the
adsorption step before membrane filtration can also lower
the membrane fouling. Efficient fouling control is necessary
for reducing the frequency of cleaning and making the treat-
ment processes economically favorable.

Although some authors have found that combining
membrane filtration with adsorption on PAC alleviates
membrane fouling, other authors have found contradic-
tory results. PAC addition can reduce membrane fouling
by preventing adsorption of organics on the membrane
surface, which improves permeate flux, lengthens filtration
runs and prolongs membrane life (Damayanti et al. 2011).
However, Mozia et al. (2005) and Zhao et al. (2005) found
that PAC reduced or did not reduce the flux, depending
on membrane hydrophobicity. Not only are these studies
contradictory, but they investigated the effect of PAC on
UF in water/wastewater treatment or the effect of the size
of adsorbate molecules on the efficiency of sorption from
water solutions containing compounds of low MW (like
phenol) or of high MW (like humic acids). Although these
studies are very useful for explanation of process mecha-
nisms, they cannot be transferred directly into practical
applications. This is because landfill leachate contains
organic compounds of low, medium and high MW, and
high concentrations of inorganic compounds. This mixture
of organic compounds determines the efficiency of sorp-
tion, whereas inorganic compounds may cause membrane
scaling, thus affecting the process of separation. Therefore,
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to evaluate the proposed technology of adsorption—-mem-
brane filtration, real landfill leachate was used in the pre-
sent study. Although adsorption is an effective method for
leachate treatment, the high consumption of adsorbent is
the main problem. To limit its consumption, it is impor-
tant to conduct the process at the dose at which relatively
low consumption of adsorbent yields high process effi-
ciency. Therefore, in this study, adsorption at extremely
low activated carbon dose was combined with fine-UF.
The membrane used in this study is defined as a fine-UF
membrane because of a more dense separation layer than
that of ordinary UF membranes, which ensures a lower
cutoff of the membrane. The research was carried out in
2015 in Olsztyn, Poland.

Materials and methods
Leachate

The leachate was taken from a 14-year-old municipal
landfill in northeastern Poland. This landfill contains only
municipal wastes (including solid waste, non-composted
fraction of municipal waste, screenings, grit, stabilized
sewage sludge), without liquid, fecal, hazardous, radio-
active and toxic wastes. In this landfill, leachate flows
through a drain system to a retention tank, from which it is
distributed on the landfill area or periodically transported
to a municipal wastewater treatment facility. For this study,
leachate was sampled from the retention tank, delivered to
the laboratory and stored at 4 °C. The composition of the
leachate is shown in Table 1.

Table 1 Characteristics of raw landfill leachate (average + SD, n=4)

Characteristic Unit Value

pH - 8.36+0.04
COD mg/L 1560+102
BOD; mg/L 168+8
BOD;/COD - 0.11
Dissolved organic carbon (DOC) mg/L 382+21
Inorganic carbon (IC) mg/L 1377 +82
Kjeldahl nitrogen mg/L 495432
Ammonia nitrogen mg/L 464 +28
Total phosphorus mg/L 48.3+6.4
Total dissolved solids mg/L 7689 +548
Organic dissolved solids mg/L 1400+ 185
Inorganic dissolved solids mg/L 6289 +489
UVysy cm™! 2.75+0.21
UV,10 cm™! 1.51+0.06
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Membrane installation

The installation consisted of a feed tank (10 L), a high pres-
sure pump, an external membrane module, a flowmeter, a heat
exchanger, a pre-filter (1-mm mesh), pressure gauges on inlet
and outlet of the module, a pipe for recirculation of the retentate
to the feed tank and a pipe to collect the permeate from the
installation (Fig. 1). In the INSIDE Céram™ asymmetric tubu-
lar membrane (Tami Industries), both a support and an active
layer are made of TiO,. The characteristics of the membrane
are as follows: length, 300 mm; external diameter, 25 mm; 23
channels inside, hydraulic diameter of each channel, 3.5 mm;
total filtration area, 0.1 m2. A membrane for fine-UF with cutoff
of 5 kDa was used. The installation worked in cross-flow mode.
The installation was operated at a constant pressure of 0.8 MPa.

Leachate from stabilized landfills contains refractory
compounds, including humic and fulvic acids. Although
these substances are characterized by a relatively large MW,
the use of fine-UF alone was insufficient for their removal.
Therefore, in this study, fine-UF was preceded by adsorption
on Norit SX2 PAC.

Adsorption with PAC

The present study used Norit SX2, a commercially produced
PAC, of which the main characteristics are as follows: pH
ca. 7.0; specific area, 900 mz/g; iodine number, 800 mg/g;
methylene number, 150 mg/g; moisture, 10%; ash, 5%. Char-
acteristic diameters of the PAC particles were: d,,=3 um,
dso=20 pum, and dgq =110 um.

The kinetic adsorption experiment was carried out in six
2-L beakers stirred with magnetic stirrers, in which Norit
SX2 was tested in the following doses: 0.2, 0.5, 1.0, 2.0,
3.0 and 5.0 g/L. The experiment was conducted at real pH
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Fig.1 Schematic of the membrane installation. / process tank,
2 pump, 3 heat exchanger, 4 prefilter, 5 flow control, 6 membrane
module, 7 permeate sampling point, 7 thermometer, P manometer

of the leachate. A residence time was sufficient to allow
the adsorption of the contaminants present in the leachate.
After adsorption, the concentrations of COD and DOC, and
UV,s, and UV, absorption were determined. On the basis
of these results, two doses of Norit SX2 were chosen for
further study (0.2 and 1.0 g/L).

Experimental setup

Before adding leachate to the fine-UF installation, selected
doses of PAC were mixed with the leachate for 0.5 h (the
time in which equilibrium was obtained, based on kinet-
ics data). This suspension, after 0.5-h sedimentation, was
then fed to the fine-UF unit. Three experimental series were
conducted: series 1 (control)—fine-UF alone; series 2—
adsorption with 0.2 g/L of PAC followed by fine-UF; series
3—adsorption with 1.0 g/L of PAC followed by fine-UF.

Membrane filtration

After circulation of distilled water in the membrane module for
20 min, the average flux of distilled water (Jy,) was measured
and the result was about 640 L/(m? h). After that, filtrations of
leachate were conducted at 21 °C and with a velocity of feed
flow of 7-11 L/min. During these filtrations, membrane pro-
ductivity in time was determined: the times of receiving each
0.5 L of permeate was measured. These permeation tests were
conducted up to the membrane clogging when the flow of the
permeate stopped. Then, the membranes were washed. The
permeation tests in each series were conducted in duplicate.
In the equations, the following abbreviations were used:
A—area of membrane (m?), Cr—pollutant concentration
in the feed (mg/L), Cp—pollutant concentration in the per-
meate (mg/L), Cx—pollutant concentration in the reten-
tate (mg/L), —time for receiving 0.5 L of permeate (h),
TMP—transmembrane pressure (MPa), Vy—feed volume
(L), Vp—permeate volume (L), Vy—retentate volume (L).
The permeate flux (Jy, Eq. 1) is calculated as follows:

Jy = Yo (L/(m>h)) (1)
t-A
The efficiency of filtration was measured based on the
recovery value that is the portion of the feed which is trans-
ported through the membrane (Y, Eq. 2), the volume con-
centration factor (VCF, Eq. 3) and total membrane resistance
(R, Eq. 4):

v,
Y=-2x100 (%) )
Ve

VCF = Vr -
=V (=) 3)
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TMP
R, = 7 ((MPa s)/m) )

The percentage of rejection (R, Eq. 5) showed the separa-
tion properties of the membrane:

C
R=<1——P>x100 (%) )
Ck
The adsorption capacity (Ads) is calculated with Eq. 6:
CrVr + GV,
Ads = <1 - M) x 100 (%) (6)
CrVr

To determine the fouling intensity, the normalized per-
meate flux (a) was calculated by dividing the Jy, by the Jy,.

Analytical methods

In the raw leachate, pH (HI 8818 pH meter), COD (Standard
Methods 1992), BOD (DIN EN 1899-1/EN 1899-2 official
EPA method using OxiTop WTW Wissenschaftlich-Tech-
nische Werkstritten GmbH, D-82326 Weilheim, Germany),
Kjeldahl and ammonia nitrogen and total phosphorus
(Standard Methods 1992), total dissolved solids and vola-
tile dissolved solids (Hermanowicz et al. 1999) were deter-
mined. After filtration of leachate samples (a 0.45-um filter),
dissolved organic carbon (DOC) and inorganic carbon (IC)
(Shimadzu Liquid TOC-V gy analyzer), UV optical density
at 254 nm (for aromatic and unsaturated organic compounds,
Chiang et al. 2006) and at 410 nm (for color, with a Cary
UV/Visible spectrophotometer in 1-cm path length quartz
cuvettes) were measured. In the treated leachate, COD,
DOC, IC, UV s, and UV, were measured.

Results and discussion
Characteristics of landfill leachate

The high pH (8.36 +0.04), the low concentrations of organic
substances (1560 + 102 mg COD/L and 168 +8 mg BODs/L)
and the low BODs/COD ratio (0.11) (Table 1) confirmed
that the leachate came from an old landfill. A low organics
concentration in leachate from an old landfill is a typical
phenomenon. For example, Bernardo-Bricker et al. (2014)
showed that, in leachate from municipal solid waste landfill
in north Palm Beach County, Florida, that has been in opera-
tion for greater than 20 years, COD, BODs and BODs/COD
were 10922184, 38-151 mg/L and 0.035-0.069, respec-
tively. Cortez et al. (2010a) reported that, in leachate from an
old landfill located in Portugal, COD and BOD; were as low
as 743 and 10 mg/L. Similarly, Lee et al. (2010) found that,
in old leachate, the mean concentrations of COD, BOD; and
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DOC were 875, 195 and 290 mg/L, respectively. However,
some authors have indicated that the concentration of COD
may be high even in leachate from old landfill. The landfill
leachate in Vilappilsala was characterized by 24,000 mg
COD/L, 7500 mg BODs/L and the BODs/COD ratio of 0.3
(Sivan and Latha 2013).

UV,s, absorption is an indicator of the concentration
of humic substances and indicates that conjugated double
bonds are present in aromatic and unsaturated organic sub-
stances (Chiang et al. 2006). In the present study, UV ,s, was
2.75+0.21 cm™' in the raw leachate. According to Rivas
et al. (2006), UV s, was 40 cm™! in leachate from an Italian
landfill; this is almost 15 times higher than in this study.
However, other authors have found low values of UV, that
are similar to that in the present study. For example, Cortez
et al. (2010b) reported that UV s, in leachate from a landfill
in Portugal was 2.614 cm™!. A substantially lower value of
UV,s,, 0.312 cm™!, was found by Leszczynski et al. (2016)
in leachate from a landfill in Poland.

In this study, the concentration of total dissolved solids
(TDS) was 7689 + 548 mg/L, which was similar to the low-
est concentration of TDS found by Bernardo-Bricker et al.
(2014). They found that the concentration of TDS ranged
from 7057 to 19,066 mg/L. The concentrations of Kjeldahl
and ammonia nitrogen in the leachate used in this study
were relatively high, 495 + 32 and 464 + 28 mg/L, respec-
tively. Also, the total P concentration was relatively high
(48.3+6.4 mg/L). Cortez et al. (2010a) noted a higher con-
centration of ammonia (714.3 mg/L) and a much lower con-
centration of phosphates (0.479 mg/L) in stabilized leachate.

Efficiency of landfill leachate treatment
Efficiency of removal of organic compounds with Norit SX2

The previous investigations of landfill leachate of a similar
composition revealed that PAC is more effective than granu-
lar activated carbon (GAC) at the same adsorption condi-
tions. In the dose range of 2-3 g/L for PAC and 2-10 g/L for
GAC, a dose increase by 1 g/L resulted in the increase in the
efficiency of COD removal by 19.1% (PAC) and by 4.0-4.3%
(GAC) (Kulikowska et al. 2016). Furthermore, equilibrium
was obtained within 30 min for PAC and 48 h for GAC.
Therefore, in this study, for integrated adsorption—fine-UF
system, PAC was used.

For determination of the range of doses at which process
efficiency increases the most, the leachate was adsorbed with
PAC at doses from 0.2 to 5 g/L (Fig. 2). At lower doses
(<1 g/L), COD removal efficiency increased by 26.3% with
a 1 g/L increase in Norit SX2 (Fig. 2a), and DOC removal
efficiency increased by 53.1% (Fig. 2b). At higher doses
(1-5 g/L), smaller increases in adsorption efficiency were
observed: COD removal efficiency increased by 10.5% with
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Fig.2 Efficiency of COD (a) and DOC (b) removal with different
PAC doses

an increase in Norit SX2 dose of 1 g/L., and DOC removal
efficiency increased by 5.9%. Due to the fact that the high
utilization of carbon yielded a low increase in the efficiency
of adsorption, these results indicate that doses above 1 g/L
are less efficient, which makes the process uneconomical.

Therefore, to study the efficiency of the removal of
organic substances in the PAC—fine-UF system, two doses
of PAC were used: 0.2 g/L (series 2) and 1 g/L (series 3).
Although the lower dose gave only low process efficiency,
adding PAC to leachate should improve hydraulic param-
eters of fine-UF. Theoretically, adding PAC to leachate
before membrane filtration improves the permeate flux.
This is because powdered adsorbent serves as a filter aid,
and nonpolar carbon particles within a fouling layer makes
it easily removable (Meier et al. 2002). In series 3, 1 g/L. of
Norit SX2 was added to the leachate to remove as much as
possible of the organic contaminants with a relatively low
consumption of PAC.

Fine-UF and PAC—fine-UF

In fine-UF alone (series 1, control), the rejection coefficient
(R) for COD was 46.5%, that of DOC was 22.1%, and those
of UV,s, and UV, were 20.2 and 16.4%, respectively
(Table 2). According to Bohdziewicz et al. (2001), 50%
of the organic substances from landfill leachate could be
rejected by UF alone. In a study by Renou et al. (2009) with

Table 2 Percent efficiency of PAC adsorption (E), removal by mem-
brane (R) and total efficiency of removal (E,,) for particular pollut-
ants

Parameter Series 1 Series 2 Series 3
COD Eg - 12.9 345
R 46.5 83.9 79.7
E.: 46.5 86.0 86.7
IC Es - - -
R 20.7 33.8 443
E. 20.7 33.8 443
DOC Eg - 12.2 54.7
R 22.1 86.4 83.5
E. 22.1 88.1 92.5
UV, Eg - 25.5 45.0
R 20.2 35.1 12.5
E. 20.2 51.7 51.9
UV, Eg - 254 38.1
R 16.4 92.3 89.5
E. 16.4 94.3 93.5

“During adsorption, IC was not removed

UF membranes, the reduction of COD was from 38% (cutoff
of 50 kDa) to 66% (cutoff of 1 kDa) from raw leachate.

The low efficiencies of rejection of DOC, humic sub-
stances and color were the reasons for the use of integrated
systems incorporating adsorption by PAC and fine-UF. At a
lower PAC dose (0.2 g/L), 12.9% of COD, 12.2% of DOC,
25.5% of humic substances (expressed as UV,s,) and 25.4%
of color (expressed as UV,;,) were removed. The use of a
5-times higher dose of PAC increased pollutant removal:
the efficiency of color removal was 1.5 times higher, that
of DOC removal was 4.5 times higher and that of COD
removal was 2.7 times higher. The adsorption was efficient
also for removal of humic substances: the efficiency of sorp-
tion alone was 25.5 and 45.0% for the doses of PAC, which,
when compared to the lower reduction of humic substances
in direct fine-UF (20.2%), indicates that humic substances
are removed by PAC adsorption alone with a higher effi-
ciency than by UF alone. The removal of IC with fine-UF
alone was 20.7%, and the use of PAC increased IC rejection
to 33.8 and 44.3%, depending on the dose. Because, during
adsorption, IC is not removed, this increase in rejection of
IC resulted from the fact that PAC blocked membrane pores
to some extent, which decreased the membrane cutoff and
allowed the retention of IC.

Some amount of organic substances was still reported in
the solution after PAC adsorption. On the membrane, the
removal of COD, DOC, UV,s,, UV, and IC was observed
with the efficiencies higher than by the fine-UF alone. This
was attributed to size exclusion and indicates that organic
pollutants are first retained in the sorption sites of PAC,

]
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and then, they are separated by the membrane. In addition,
colloidal substances retained on the membrane may adsorb
other organic substances, which increase the pollutant rejec-
tion (Andrade et al. 2014). The lower efficiency of humic
substances (UV,s,) removal by fine-UF in series 3 (1 g/L
PAC—fine-UF) than in series 2 (0.2 g/L. PAC—fine-UF) is
a consequence of the high efficiency of humic substances
adsorption at the higher PAC dose.

The mass balance calculated with the measured loadings
of pollutants in the feed, permeate and retentate indicated
that, independently of the operational conditions, 34-40%
of COD and 30-31% of DOC were adsorbed on the surface
of a membrane, and as a consequence, the concentrations in
the retentate were not as large as expected. In addition to size
exclusion, adsorption is considered a mechanism of organic
compound rejection, in which particles are caught inside the
structure of the membrane (Guo et al. 2009).

Although the use of a higher dose of PAC gave better
results in the adsorption of organic pollutants, the results for
total pollutant removal in the integrated system were similar
at both PAC doses (COD 86.0-86.7%, DOC 88.1-92.5%,
UV,54 51.7-51.9%, UV, 93.5-94.3%, Table 2). Mozia
et al. (2005) also showed that a PAC-UF effectively removed
organic substances with low or high MWs. According to the
authors, the PAC present in the feed to this system adsorbed
low-MW organic substances that UF would not remove
alone. However, it should be emphasized that Mozia et al.
(2005) used a solution of phenol and humic acids, not land-
fill leachate.

In this study, the use of membranes in the second stage
of the system limited the effect of the different PAC doses.
Therefore, not only the efficiency of pollutant removal but
also the hydraulic capacity of the membranes has to be taken
into consideration in the selection of the adsorbent dose in
the integrated systems.

Hydraulic parameters of membranes

In this study, along with examination of pollutant removal,
the major hydraulic parameters for membrane filtration were
determined. In general, membrane filtration is considered
as not satisfactory as a single process in leachate treatment
because of membrane fouling (Mariam and Nghiem 2010).
Fouling of membranes by humic substances limits the effec-
tiveness of UF and MF and can be caused by formation of
the filtration cake and accumulation of solutes on the surface
or in the pores of the membrane (Aoustin et al. 2001; Mozia
et al. 2005). However, in the present study, ceramic mem-
branes with good fouling resistance due to highly hydro-
philic surface were used. In direct fine-UF of leachate, the
initial Jy, was 170 L/(m? h) (Fig. 3a); this decreased rapidly
at the beginning of filtration and then more slowly. In all
the experimental series, the TMP was not increased. This
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Table 3 Hydraulic parameters of membrane filtration

Series Permeate flux Y (%) VCF(-) R,((MPas)m) a(-)
(L/(m* h))
96.1 60 247 29,968 0.15
9.3 45 1.82 309,677 0.01
3 8.4 25 1.33 342,857 0.01

is why the Jy, decreased progressively and then started to
be stable up to the stop of the permeate flow. (In Fig. 3,
the whole period of the permeate flow is shown.) These
decreases in permeate flux during filtration in all the experi-
mental series indicated the fouling of the membrane pores
by substances present in the feed. When leachate was first
exposed to PAC at doses of 0.2 and 1.0 g/L, the initial Jy,
lowered to 9.9 and 9.5 L/(m? h), respectively. The average
value of Jy, throughout the entire permeation test was 96.1 L/
(m? h) in direct fine-UF; this value dropped to 9.3 and 8.4
L/(m? h) after PAC adsorption (Table 3). The other results
were obtained by Renou et al. (2009) on UF (cutoffs of the
membranes between 50 and 1 kDa) for the raw leachate fil-
tration. The membrane productivities were not satisfactory
(55-60 L/(m? h)), but were improved by pre-treatment with
lime addition. The lime allowed carbonates to precipitate
and eliminated humic acids, which cause membrane fouling,
by co-precipitation.
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In general, adsorption in the first stage of technologi-
cal systems is used to improve the removal of dissolved
organic matter and to increase membrane capacity. PAC,
which adsorbs organic molecules, can be used as a “flux
enhancer,” thus improving the filterability (Damayanti et al.
2011). However, in the present study, the presence of PAC
particles in the feed caused membrane blocking. This is in
agreement with a study by Akram and Stuckey (2008), who
stated that an excess of adsorbent can increase membrane
fouling. In the present study, total removal of pollutants in
the integrated system was similar at either PAC dose; how-
ever, the dose of PAC of 1 g/L decreased the permeate flux
more than the dose of 0.2 g/L. This indicates that PAC itself
was the main reason of membrane fouling. Hence, although
a higher PAC dose resulted in a higher amount of pollut-
ant adsorbed, the use of this higher dose is technologically
unjustified. All the more, the significant differences in the
pollutant removal efficiencies in adsorption with lower and
higher PAC doses do not translate into the removal efficiency
in the whole system.

Lin et al. (1999), using a solution of humic acids,
showed that PAC of an approximately 730 m?/g surface area
adsorbed humic substances in the middle MWs and was inef-
fective in removing substances with MW fractions <300 Da
or> 17,000 Da. On this basis, they stated that membrane
fouling was caused by molecules with MWs either < 300 Da
or> 17,000 Da. Because these molecules are not removed
by PAC, they are present in the feed solution that enters the
membrane system and appear to affect permeate flux. In the
present study, however, fouling was not caused by humic
substances but by the particles of PAC. This can be deduced
from the fact that permeate flux was 96.1 L/(m* h) during
fine-UF alone and about 10 times less when PAC adsorption
was included in the system.

The main factor that affects fouling is the proportion
between size of the pores and the particle size (Lim and
Bai 2003). In this study, the PAC particles were bigger than
the membrane pores. In general, when larger particles are
retained by a membrane with smaller pore size, the particles
are retained on its surface and a filtration cake is formed
more quickly. However, these retained particles should be
removed by the shearing forces created by cross-flow filtra-
tion, which was used in the present experiment. On the other
hand, better rejection of IC (44.3% in series 3 vs. 33.8% in
series 2) was obtained at the higher dose of PAC. These
inorganic pollutants are not sorbed by PAC; instead, these
pollutants are retained when the effective diameter of the
membrane pores is decreased by pore blocking caused by
PAC particles with adsorbed organic matter (LaPara et al.
2006). Without this membrane blocking, UF cannot reduce
mineral pollution (Renou et al. 2009).

In this study, another sign of fouling was a Jy, value that
was many times lower than the value of Jy, (Table 3). An «

value below 1 shows membrane blocking by organic sub-
stances that accumulate on the membrane surface and in its
pores. This was reported in each series. An a value about
zero indicates quick fouling of the membrane. This was
observed in series 2 and 3, where the a value was an order of
magnitude lower than in series 1. In addition, the membrane
resistance was much higher during the filtration of leachate
after the adsorption (Table 3).

To conclude, high consumption of the adsorbent is the
major drawback of adsorption application for the treatment
of landfill leachate; therefore, the proper determination of
adsorbent dose range, in which the efficiency of the organic
compound removal is increased the most by a unit dose of
the adsorbent, is crucial in this technology. The most impor-
tant result of this study is that a dose of activated carbon can
be very low for achieving high efficiency of COD and DOC
removal when using two-stage systems. This is because the
differences in the pollutant concentrations in the effluents
from adsorption are overcome in membrane filtration. This
phenomenon results from the fact that effective membrane
pore size during filtration is getting lower than nominal pore
size, which gives high removal efficiency of low-sized par-
ticles from leachate.

Effective removal of organic pollutants from the leachate
in the systems that include membrane filtration is connected
with the production of retentate that should be further dis-
posed. According to Renou et al. (2008), retentate can be
transported to the wastewater treatment plants, solidified or
injected back to the landfill. However, it should be taken into
account that retentate consists of high amount of valuable
humic acids that can be recovered and used. Although this
requires further studies, it is of great potential for the strat-
egy of leachate remediation and management.

Conclusion

The study tested the PAC adsorption—fine-UF system for
the removal of organic compounds from stabilized munici-
pal landfill leachate. Although fine-UF alone did not effec-
tively remove organics, combining adsorption on Norit SX2
with fine-UF was more effective. The efficiency of organics
removal by adsorption differed at the two doses of Norit
SX2 that were tested (12.9 and 34.5% of COD, 12.2 and
54.7% of DOC, at 0.2 and 1 g/L, respectively), but quality
of the membrane permeate did not differ substantially at
these two doses (COD 209-220 mg/L, DOC 32-53 mg/L).
Thus, the use of fine-UF in the second stage of the system
overcame the effect of the different PAC doses. Although
the use of two-stage systems resulted in better quality of
the final effluent than fine-UF alone, hydraulic parameters
were worsened. The capacity of the membrane was 96.1 L/
(m? h) in direct fine-UF, but this dropped to 9.3 and 8.4 L/
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(m? h) after adsorption with Norit SX2 at doses of 0.2 and
1.0 g/L, respectively.
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