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Abstract

Municipal solid waste leachate (MSWL) has the potential to pollute the water environment and to affect biological treatment
processes adversely if not properly handled. Reverse osmosis (RO) has the ability to remove both organics and inorganics
effectively from effluents. Therefore, RO was evaluated for the treatment of MSWL. It was found that both cellulose acetate
and polyamide RO membranes should function effectively for the treatment of the leachate and that it should be possible to
control membrane fouling with chemical cleaning. The polyamide membranes, however, performed somewhat better than
the cellulose acetate membranes for the treatment of the leachate. The quality of the treated leachate with the exception of
ammonia-nitrogen and COD should comply with the quality requirements for discharge into the water environment. Biologi-
cal treatment processes are effective in complete removal (to only traceable levels) of ammonia-nitrogen and biodegradable
COD. The quality of the treated effluent further complies with the quality requirements (chloride and heavy metals) for dis-
charge into the municipal biological treatment system. The capital and operational cost of a 250 m?/d tubular reverse osmosis

(TRO) plant is estimated at R1.95 m. and R11.45/m?, respectively.
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Introduction

Municipal solid waste (MSW) generation is increasing with
industrial and commercial growth (Lin and Chang, 2000). Land-
filling is at present the most popular and economical way of solid
waste disposal and leachate generated from a landfill site poses
a major problem of landfill disposal of MSW due to potential
ground- and surface water pollution (Usher et al., 2004). Proper
treatment of the leachate is therefore a challenging problem con-
fronting the authorities.

Landfill leachate has been generally known as a high-
strength wastewater that is most difficult to deal with. This is
due primarily to its large variability of organic and inorganic
and heavy metals contents, strongly depending on the age and
type of solid waste of a landfill site (Knok and Jones, 1979).
Satisfactory treatment of leachate is thus no easy task.

The most popular treatment of landfill leachate in the past
was anaerobic digestion or the aerobic sludge method (Lema
et al., 1988). These methods were known to be inadequate in
handling such a difficult treatment task. In the more recent dec-
ades, a search for alternative treatment methods had focused on
various sophisticated technologies. These included advanced
biological, chemical and physical treatment methods. Robinson
(2000), Strachan et al. (2000; 2004) and Laitinen et al. (2006)
studied leachate treatment using the sequencing batch reactor
(SBR) method. Percival et al. (1997) studied aerobic treatment
of a high-strength leachate preceded by ion-exchange and lime
addition to effect inorganic removal prior to biological treatment.
Imai et al. (1998) developed an efficient biological activated
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reverse osmosis, leachate treatment, membrane fouling, membrane cleaning, effluent quality,

carbon fluidised bed process and Lim et al. (2009) studied
treatment of landfill leachate using palm-shell activated car-
bon. Chemical oxidation using strong oxidising agents such as
Fenton’s reagent, photo-assisted H,O,, ozone or UV-VIS light
was reported by Gau and Chang (1996) and Rivas et al. (2005).
Membrane processes have received considerable attention in the
past decades, as reported by many investigators (Rautenbach
and Linn, 1996; Peters, 1998; Ushikoshi et al., 2002; Hurd et al.,
2001; Wintgens et al., 2006; Belkhouche et al., 2009). In fact,
Gierlich and Kolbach (1998) indicated that membrane technol-
ogy has been widely practised in many European countries in
dealing with leachate treatment. The biggest problem encoun-
tered with membrane treatment of leachate is membrane foul-
ing while an advantage is that salts and heavy metals can be
removed from the leachate.

Review of the literature has indicated that physical (mem-
brane) and chemical methods appear to offer quite good alter-
natives to biological treatment. Tubular reverse osmosis (TRO)
should be a very suitable technology for the treatment of hazard-
ous leachate with a high suspended solids and a relatively low
TDS concentration. This type of leachate is produced by many
landfill sites in South Africa and has the potential to pollute the
water environment and to adversely affect biological treatment
processes. However, very little information is available in South
Africa regarding the performance of TRO for the treatment of
leachate. The objectives of this investigation were therefore to
evaluate the performance of TRO for the treatment of a leachate
and to determine the preliminary economics of the process.

Experimental
Cellulose acetate membranes

Approximately 100 ¢ MSWL (pH adjusted to 6.5 with H,SO,)
were treated in the batch mode (4 000 kPa inlet pressure) in
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Figure 1
Experimental set-up for the batch treatment of the municipal
solid waste leachate (MSWL)

a TRO pilot plant (membrane area 1.75 m2, 1 module) (Schoe-
man et al., 2004). The experimental set-up is shown in Fig. 1.
Reverse osmosis (RO) was terminated at a water recovery of
approximately 70%. The clean water flux (CWF) was meas-
ured before and after the run. Permeate flux (PF) was meas-
ured as a function of percentage water recovery. The chemical
composition of the RO feed, product and brine was also deter-
mined. (Note: sponge-ball (SB) cleaning and flow reversal
were used).

PCI AFC 99 membranes

The same experiment as described in the previous paragraph
was conducted with the PCI AFC 99 polyamide membranes. No
pH adjustment of the RO feed was conducted in this case. The
membrane area was 0.81 m? (1 module).
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Figure 2

Experimental set-up for the feed-and-bleed RO system

Results and discussion
Characteristics of the leachate

The chemical composition of the leachate is shown in Table 1.
The salinity (conductivity), COD, NH,-N, PO,-P and Na
concentration levels are too high for discharge into the water
environment. The chloride concentration level is too high for
discharge into the sewer system. It is also clear that the Cr, Mn,
Fe and Pb concentration levels are too high for discharge into the
water environment. Therefore, the leachate should be treated
prior to discharge into the water environment or the sewer.

Feed-and-bleed RO tests TABLE 1

. . Chemical composition of the leachate
Reverse osmosis runs (pilot study) were conducted Constituent Bisasar Rd “Special” General |Discharge
in the feed-and-bleed mode of operation at Bisasar raw leachate | standard | standard |to Durban
Road Landfill Site (Schoeman et al., 2004) (Fig. 2). for for Metro
The membrane areas for the cellulose acetate and discharge | discharge sewer
polyamide membranes (PCI-AFC99) were 1.75 and pH 8.0 8.0 5.0to 7.5 55t095 |6.0to10.0
0.81 m?, respectively (one module each). The pH of Conductivity | 1291 | 1650 250 250
the feed water to the cellulose acetate and polyamide CcoD 2427 | 2000 30 75
membranes was adjusted with hydrochloric acid to BOD 320 955
pH 6.2 to 6.5 and 7 to 7.2, respectively. An antisca- =
lant, Flocon 260 (12.5 mg/t), was dosed during RO BOD,/COD 0.13 0.48
treatment (cellulose acetate), while Permatreat 391 NH,-N 1271 | 980 1.0 10.0
(11 mg/C) was dosed with the polyamide membranes. Cl 1790 | 2625 1000
Water recovery was kept at approximately 70%. The PO,-P 8.4 6.9 1.0 1.0
CWF was determined at the start of the runs and then SO, 48 149 250
once a day after a water rinse for 30 min. Clean water Na 897 | 1620 | 50>influent | 90>influent
flux was also determined before and after membrane Mg 56 141
cleaning. Cleaning of the cellulose acetate mem- K 1022 | 1150
branes was conducted with nitric acid (NA), sodium- Ca 36 70.6
tripoly phosphate (STPP)/EDTA, citric acid (CitA), Cr 0.05 017 0.05 0.05 20
Ultrasil 50, EDTA/sodium laurel sulphate (SLS) and : : - -
phosphoric acid (PhosA) solutions (Schoeman et al., Mn 012 | 0382 0.1 04 50
2004). The polyamide membranes were cleaned with Fe 2.10 3.16 0.3 50
hydrochloric acid and Ultrasil 10 (Schoeman et al., Ni 0.09 0.20 50
2004). Sponge-ball (SB) cleaning (30 min) with flow Cu <0.01 | 0.008 0.02 10 50
reversal was used (cellulose acetate). The RO product Zn 0.08 | 0.025 0.3 5.0 50
flux was measured as a function of time. The chemi- Cd <0.01 | 0.004 0.05 0.05 20
cal composition of the RO feed, product and brine was Pb <0.02 | 0.126 01 0.1 20

also determined.
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TABLE 2 2500
Chemical composition of RO feed, permeate
and brine 2000 % .
Constituent Feed Permeate | Brine | Removal % . L]
TDS 8975 348 4 695 96.1 ;g 1500
TSS 29 6 48 79.3 = ( AP
NH,-N 882 82 1770 90.7 g 10 el
PO,-P 9.2 0.063 13.6 99.3 500 .
Cl 2 495 189 5 804 92.4
SO, 2454 141 5773 99.5 0 : : :
Ca 80 0.92 234 98.8 0 20 40 60 80
Mg 146 0.48 431 99.7 Water Recovery (%)
K 821 41.5 2410 94/9 [+ PF(run1) Im2.d = CWF(runl) im2.d a PF(run2) /m2.d m CWF(run2) im2.d |
Na 1510 53.9 4210 96.4 .
Figure 4
Cr (total) 0.07 0 0.334 100.0 Permeate flux as a function of % water recovery
Fe 3.6 0 10 100.0 (polyamide membranes)
Pb 0.126 0.008 0.45 93.7
Mn 0.308 0 0.843 100.0 82 mg/l (90.7% removal) and 2 200 to 51 mg/C (97.7% removal),
Ni 0.418 0.016 112 96.2 respectively. Therefore, the treated water quality complies with
COD 2200 51 6 150 97.7 the discharge standards, with the exception of ammonia-nitro-
Phenolics 0.34 0.11 2.84 67.6 gen and COD.
Conductivity 1759 120 4120 93.2 ; ¢ tubul | id b ¢
pH 658 636 705 Performance of tubular polyamide membranes for

Note: All results are in mg/l except for pH value and electrical
conductivity (mS/m)

Performance of tubular cellulose acetate membranes
for treatment of the leachate

Permeate flux (PF) for two batch runs is shown in Fig. 3. The
initial permeate flux was approximately 600 £/m?-d and the flux
decreased as a function of percentage water recovery as a result
of the increased osmotic pressure of the feed at higher water
recoveries. Almost identical results were obtained with the two
runs that were conducted (up to approximately 70% water recov-
ery). The initial CWFs and CWFs at the end of the runs were
almost identical. This shows that membrane fouling should not
be a serious problem and that it should be possible to control
membrane fouling with flow reversal and sponge-ball cleaning.

The chemical composition of the RO feed, permeate and
brine is shown in Table 2.

A very good quality permeate could be produced with RO
treatment of the leachate. The TDS of the leachate could be
reduced from 8 975 to 348 mg/l (96.1% removal). Ammonia-
nitrogen and COD, however, were only reduced from 882 to
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the treatment of the leachate

The permeate flux for two batch runs is shown in Fig. 4. The
initial permeate flux was approximately 1 200 ¢/m?.d and the
flux also decreased as a function of percentage water recovery.
The permeate flux of the second run was slightly less than that
of the first run. The CWFs at the end of the runs were slightly
less than at the beginning of the runs. This might indicate that
the polyamide membranes are more prone to membrane fouling
than the cellulose acetate membranes.

The permeate flux through the polyamide membranes was
significantly higher than that through the cellulose acetate mem-
branes. Therefore, more product water should be produced with
the polyamide membranes than with the cellulose acetate mem-
branes.

The chemical composition of the RO feed, permeate and
brine is shown in Table 3.

Slightly higher TDS removals were obtained with the
polyamide membranes (97.7%) than with the cellulose acetate
membranes (96.1%). Conductivity removals were 96.9% for the
polyamide and 93.2% for the cellulose acetate membranes. Sim-
ilar ammonia-nitrogen removals were obtained with the poly-
amide (980 to 81 mg/l, 91.7% removal) than with the cellulose
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TABLE 3
Chemical composition of the RO feed, permeate
and brine
Constituent Feed Permeate | Brine |Removal
%

TDS 7070 146 21755 97.9
TSS 368 20 304 94.6
NH._-N 980 81 1759 917
PO,-P 6.91 0 10.1 100.0
Cl 2.625 33.9 7062 98.7
SO, 149 0 433.6 100.0
Ca 70.6 0.21 56 99.7
Mg 141 0.13 503 99.9
K 1150 115 2 630 99.0
Na 1620 12.5 5200 99.2
Cr (total) 0.17 0.001 0.43 99.4
Fe 3.16 0.009 8.47 99.7
Pb 0.126 0 0.354 100.0
Mn 0.382 0 0.879 100.0
Ni 0.2 0.002 0.753 99.0
COD 2000 46 7200 97.7
Phenolics 0.34 0.04 1.49 96.9
Conductivity 1719 53 4140
pH 8.2 9.2 8.2

Note: All results are in mg/t except for pH value and electrical
conductivity (mS/m)

acetate membranes (882 to 82 mg/(, 90.7% removal). However,
better CI* SO,?, Ca, Mg, K and Na removals were obtained (98
to 100% removal). Better Pb, Ni and phenol removals were also
obtained with the polyamide membranes. The treated water
quality complies with the discharge requirements, with the
exception of ammonia-nitrogen and COD. It further appears
that the polyamide membranes should perform somewhat bet-
ter than the cellulose acetate membranes for the desalination/
concentration of the leachate.

The fouling potential of the leachate for the cellulose
acetate membranes (feed-and-bleed tests)

Permeate flux as a function of time is shown in Fig. 5. The ini-
tial permeate flux was approximately 550 £/m?.d and declined
as a result of membrane fouling. The permeate flux declined to
approximately 200 ¢/m?-d after 230 h of operation

and chemical (EDTA and SLS and/or STPP and EDTA) clean-
ings. Sponge ball (SB) recycling also had a positive effect on
membrane cleaning. However, more detailed studies will be
required to determine the best membrane cleaning strategy for
fouling control.

The initial and final (after 500 h of operation) permeate
fluxes as a function of percentage water recovery are shown in
Fig. 6. The permeate flux after approximately 500 h of operation
was somewhat lower than the initial permeate flux. This indi-
cates permanent membrane fouling. However, membrane foul-
ing could be expected to occur in the last RO stages as simulated
with the feed-and-bleed RO system and the reduction in perme-
ate flux was not substantial. The CWF measured before and
after the run on the fouled membrane surface was approximately
the same. The CWF at the end of the second run, however, was
significantly lower than the initial CWF on the new membrane.
This indicates membrane fouling.

The TDS and conductivity removals were 77.1% and 64.2%
(after 500 h of operation) (Schoeman and Steyn, 2004). There-
fore, the salinity removal has decreased significantly from the
first batch run (96.1% TDS and 93.2% conductivity removal on
a clean surface (Table 2)). This showed that membrane fouling
has taken place and this fouling will affect the quality of the
treated leachate adversely unless properly controlled.

The fouling potential of the leachate for the poly-
amide membranes (feed-and-bleed tests)

Permeate flux as a function of time is shown in Fig. 7. The ini-
tial permeate flux was about 1 200 ¢/m?2-d and decreased as a
result of membrane fouling. Permeate flux decreased to approx-
imately 500 £/m?d after 100 hours of operation and remained
at 500 £/m2-d until about 200 hours of operation and decreased
to approximately 300 ¢/m?-d after 330 h of operation. Permeate
flux reached a low of about 100 £/m?2-d after 400 h of operation
and remained at about 200 to 250 ¢/m?-d until the end of the
run.

The initial CWF was about 1 900 ¢/m?.d and declined as a
function of time as a result of membrane fouling. The CWF was
measured as 451 £/m?-d at the end of the run (501 h of operation).
It is interesting to note that the CWF remained approximately
constant from 400 h until the end of the run (501 h). Cleaning
of the membranes with acid, Ultrasil 10 and preservation of the
membranes had a significant effect on the CWE. Therefore, it
appears that it should be possible to control membrane fouling
with regular chemical cleaning.
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(Fig. 5). It appears that the best membrane clean- Figure 5
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Initial and final (after 500 h of operation) permeate flux as a
function of % water recovery
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Permeate flux as a function of time

The initial and final (after 500 h of operation) permeate
fluxes as a function of time are shown in Fig. 8 (batch run). The
permeate flux after approximately 500 h of operation was again
somewhat lower than the initial permeate flux. This can be
expected due to membrane fouling. The reduction in permeate
flux, however, was not that much. The CWF at the end of the
second run was again lower than the initial CWF on the new
membrane. This indicates membrane fouling. Itis further inter-
esting to note that acid cleaning of the membranes increased
CWEF significantly. Therefore, acid cleaning of the membranes
will be required from time to time together with cleaning with
Ultrasil 10.

The chemical composition of the leachate after 500 h of
operation (batch test) showed that the permeate quality that was
produced after membrane fouling was still excellent (Schoe-
man and Steyn, 2004). Conductivity removal was 93.4% (TDS
removal 96.6%). The TDS and conductivity removals on a fresh
membrane surface were 97.9% and 96.6%, respectively (Table
3). Therefore, an excellent quality water could be produced with
RO treatment of the leachate using polyamide membranes.

Economics

The capital and operation costs of a 250 k/d RO plant (feed)
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Initial and final (after 500 h of operation) permeate flux as a
function of % water recovery

TABLE 4
Estimated capital and operational cost for
treatment of Bisasar Road MSWL

Plant type Capital cost Operational
(MR) (R/ke)

Tubular (cellulose acetate) 1.95 11.45

Tubular (polyamide) 810  6.5@ 16.24

(1): Total plant from overseas supplier

(2): Only membranes, modules and frames from overseas supplier

CA membranes: Membrane life time 2 years; PA membranes life time 18
months; 1 British pound = R16.20

to treat the MSWL at Bisasar road are summarised in Table 4
(Schoeman et al., 2004).

Conclusions

e The TDS of the leachate could be reduced from 8 975 to 348
mg/C (96.1% removal) using cellulose acetate membranes.
Therefore, an excellent quality water could be produced with
RO treatment of the leachate. The quality of the RO product
with the exception of ammonia-nitrogen and COD complies
with the discharge quality requirements (water environment
and sewer). Cellulose acetate membranes therefore have the
potential to produce a very good quality water.

e Higher TDS removals were obtained with the polyamide
membranes (97.9%) than with the cellulose acetate mem-
branes (96.1%). Better lead, nickel and phenol removals
were also obtained with the polyamide membranes. The
quality of the RO product with the exception of ammonia-
nitrogen and COD complies with the discharge quality
requirements (water environment and sewer). Polyamide
membranes therefore also have the potential to produce a
very good quality water.

It should be possible to control membrane fouling (cel-
lulose acetate membranes) with regular acid (nitric, citric
and phosphoric) and chemical (EDTA and SLS and/or STPP
and EDTA) cleaning. The CWF and the permeate fluxes
remained at approximately 500 and 300 £/m?-d, respec-
tively, after about 500 h of operation (feed-and-bleed). Per-
meate flux was about 20% lower after 500 h of operation as
a result of membrane fouling. The TDS removal was 77.1%
after 500 h of operation (batch test). The TDS removal was
96.1% on a fresh membrane surface. Therefore, a signifi-
cant reduction in salinity removal has occurred as a result
of membrane fouling and this will have an adverse effect on
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the quality of the treated leachate unless membrane fouling
is properly controlled with regular chemical cleanings.

» It should also be possible to control membrane fouling with
regular acid (hydrochloric) and chemical (Ultrasil 10) clean-
ing using the polyamide membranes. The CWF and the per-
meate fluxes remained at approximately 500 and 200 ¢/m?-d,
respectively, after about 500 h of operation (feed-and-bleed).
The permeate flux was also about 20% lower after 500 h of
operation than was the case with the cellulose acetate mem-
branes. The TDS removal was 96.6% after 500 h of opera-
tion (batch test). The TDS removal was 97.9% on the fresh
membrane (batch test). Therefore, the reduction in salinity
removal after 500 h of operation was significantly less than
with the cellulose acetate membranes.

* It could be proposed that a biological treatment step be
added in-line to provide for the effective total treatment
of landfill leachates, in particular by the sequencing batch
reactor (SBR) method. Biological aerobic processes using
SBRs have demonstrated high efficiencies in the removal of
ammonia-nitrogen and biodegradable BOD and COD. Most
of the membrane fouling caused by organics in the leachate
should also be eliminated in the process.

The estimated capital and operational costs to treat 250 m®/d of
MSWL with different RO plants are (Schoeman et al., 2004):
Cellulose acetate membranes — capital R1.95 m.; operational
R11.45/kt
Polyamide membranes — capital R8.1 m.; operational R16.24/
ke
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