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conditions
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(Received 7 September 2009; final version received 9 July 2010)

The effects of coconut coir-pith as an alternative substrate material in submerged macrophyte wetland
systems were investigated in three similar pilot-scale wetlands (WL1, WL2 and WL3) planted with
Hydrilla verticillata. The substrate layers of WL1 and WL3 were river sand and coconut coir-pith, respec-
tively, whereas that of WL2 was a mixture of river sand and coir-pith (ratio 1 : 1). The influent and effluent
water-quality parameters were examined weekly to identify the effects of coir-pith on the treatment process.
The results showed that the total nitrogen removal efficiency was higher in WL2 (52.3%) and WL3 (62.1%)
than in WL1 (29.1%). The most efficient removals of biodegradable organic compounds (54.4%) and total
dissolved solids (40.5%) were encountered in WL2, whereas the maximum total suspended solids (66.4%)
and conductivity (38.5%) reductions were found in WL3. However, the PO;’;‘—P removal efficiency was
only slightly improved in WL2 (74.2%) and WL3 (74.4%) over WL1 (68.7%). Microbiological investiga-
tions revealed that WL2 and WL3 were more efficient in removing Escherichia coli than WL1. Statistical
analyses by ANOVA showed that the water treatment efficiencies of WL2 and WL3 were substantially
better than WL1 (p < 0.05).

Keywords: adsorption; coconut coir-pith; organic carbon; submerged macrophytes; substrate; water
reclamation

1. Introduction

Much effort has been spent in identifying useful techniques that increase water treatment activity
in wetland systems. The effects of changing nutrient concentration [1], inorganic carbon concen-
tration [2,3], water level fluctuation [4,5] and a surplus of decaying plant species [6] are some of
the areas that have been investigated during the last few decades.

The impact of external organic carbon supplements on the performance of water treatment
was investigated, focusing on emergent macrophytes in particular [7]. The significant contribu-
tion of heterotrophic denitrifying bacteria, which use these organic compounds in the removal
of nitrogen is currently well understood [8]. However, the higher adsorption capacities of these
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alien materials in wetland systems [9] have improved substrate activities in nutrients removal by
enhanced adsorption [10]. In addition, a positive correlation between plant biomass and the pres-
ence of surplus organic matter in sediment has been demonstrated [11]. Consequently, accelerated
growth of macrophytes may also improve the natural purification activity in wetlands [7].

Coir-pith has been studied extensively to elucidate its chemical and physical characteristics [12].
The coconut tree (Cocos nucifera) is a member of the palm family and grows in tropical climates.
Its fruit consists of coconut husk, shell and kernel from outside to inside respectively. Coir pith is
byproduct of the coconut industry and comes from the outer part of the fruit, i.e. husk. The husk is
mainly made of fibre and hence coco-pith contains fibres and a dust of organic materials. Coir fibre
consists of lignin and cellulose particles ranging in size from 0.2 to 2.0 mm. Most importantly,
it has a capacity for cation exchange, gas adsorption, ammonium nitrogen adsorption and pH
buffering (3.7-10.4). Hydroxyl and carboxyl branches of the long cellulose chain provide the
cation-adsorption capacity of coir-pith. A previous experiment showed that coir-pith can adsorb
516 and 573 mmol N- kg~ at pH 4.6 and 5.1, respectively [12]. Further, coir-pith can be used to
adsorb ammonium nitrogen from wastewater [13] and then employed in agriculture soil to release
ammonium as a fertiliser. However, investigation into the effects of coir-pith in a submerged plant
wetland for nutrient removal is required.

We speculate here that the surplus organic carbon supplied by coconut coir-pith may support
tertiary wastewater treatment, which requires more efficient denitrification [13]. However, the
treatment efficiency of submerged macrophyte systems supplemented with coconut coir-pith is
not yet well documented. Consequently, this experiment was conducted to determine the optimum
ratio of river sand to coconut coir-pith to use as the substrate layer in submerged macrophyte
wetland systems and to evaluate its effectiveness in wastewater treatment.

2. Material and methods

A preliminary experiment (EXP1) was conducted to determine the correlation between the
percentage of coir-pith in a substrate and the growth characteristics of Hydrilla verticillata.
Growth of H. verticillata was monitored in 5 L microcosms with five different ratios of river sand
to coconut coir-pith (by weight, sand/coir 5:0,4:1,3:2,2:3and 1: 4). Plant stems 15¢cm
long were planted in each microcosm. Plants were harvested at 1 week intervals for a period of
45 days and oven dried at 70 °C for 48 h until they reached a constant weight to determine the dry
mass of the plants.

Based on the results of the above preliminary experiment to optimise the river sand and coir-
pith ratio, a pilot-scale experiment (EXP2) was conducted. Three wetlands (5.0 m long and 1.0 m
wide, respectively, at the ground surface level with a trapezoidal cross-section area of 0.45m?
perpendicular to the flow direction) were used to treat domestic wastewater from a student hostel
at the University of Peradeniya, Sri Lanka, for an experimental period of four months. The existing
wastewater treatment facility (Figure 1) had been developed to function as an integrated system
with a septic tank and two parallel subsurface flow emergent plant wetlands of Scirpus grossus,
followed by three pilot-scale wetlands planted with submerged macrophytes [14].

The substrate layers of the pilot-scale wetlands were supplemented with river sand only (WL1),
river sand and coir-pith in equal quantities by volume (WL 2), and coir-pith only (WL3). A substrate
layer 10 cm thick was laid on the bottom of cement-coated floors. The hydraulic retention time was
maintained at four days to provide sufficient contact time for interactions among macrophytes,
the substrate and wastewater contaminants.

H. verticillata was planted in all three wetlands with an initial plant length of 15 cm, keeping a
10 cm gap between each bundle of three plant stems. Wetlands were fed initially with tap water
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Figure 1. Experimental set-up showing three parallel wetlands in a series of treatment processes with primary and
secondary treatment units in tandem (WL1, river sand only; WL2, river sand/coir-pith = 1 : 1; WL3, coir-pith only) in
EXP2.

for 14 days to avoid high nutrient loading during the establishment of plants before sending
partially treated secondary wastewater. The entire system was allowed to run for four weeks after
introducing wastewater for acclimatisation. Subsequently, influent and effluent water samples
were collected weekly at the outlet of each wetland and transferred to the laboratory. In addition,
on-site measurements of temperature and pH were taken.

NH; -N, NOj3 -N, total nitrogen (TN), PO;~ -P, biodegradable organic compounds (BODs), total
dissolved solids (TDS), total suspended solids (TSS), pH, dissolved oxygen (DO), temperature,
conductivity and faecal coliforms in the samples were quantified at 7 day intervals for a period
of 70 days. ANOVA was used to evaluate whether a significant difference in nutrient-removal
efficiencies of coconut coir-pith and river sand existed.

3. Resultsand discussion

3.1. Effectsof coir-pith on growth of macrophytes (EXP1)

In EXP1, the maximum average growth rate of H. verticillata was observed when the substrate
composition of river sand/coir-pith was 3 : 2 (Figure 2). Neither material alone supported the
growth of macrophytes well. River sand might not have enough nutrients for plant growth in
the early stages. By contrast, excessive added compounds from the coir-pith might have affected
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Figure 2. Average relative growth rates (RGR) of Hydrilla verticillata in different sand/coir-pith combinations in
substrate in EXP1 (n = 6).

the macrophytes negatively because the substrate layer became suspended when the coir-pith
proportion increased and caused instability for plant growth. However, coir-pith and sand in equal
proportions as the substrate might have encouraged the growth of macrophytes, because coir-pith
contains equal portions of lignin and cellulose and is rich in potassium and micronutrients such
as Fe, Mn, Zn and Cu [15].

3.2. Comparison of water treatment efficienciesin coir-supplemented pil ot-scale wetlands
with others (EXP2)

The temperature of the influent remained almost constant (= 24 °C) during the experimental
period, whereas the pH of the three wetlands was marginally higher at the outlet than at the inlet.
The average influent and effluent water-quality parameters of each wetland are shown in Table 1.
A relatively higher fluctuation in the influent water-quality parameters was encountered during the
experimental run due to fluctuations in the number of facility residents and environmental factors,
such as rainfall intensity and evapotranspiration. The pH of the three wetlands increased due to the
effects of photosynthesis. The highest pH was encountered in WL2, where the maximum growth
of macrophytes was identified. Therefore, a correlation between plant activity and the alkalinity of
the effluent was established. The lowest pH was observed in WL3 due to the weakly functioning
acidic groups released by coir-pith [12]. No considerable difference was observed between the
dissolved oxygen (DO) concentrations of influent and effluent during the whole experimental
period. However, the biological oxygen demand (Table 1) was comparatively greater in WL2 and
WL3 than in WL1. The relatively large surface area of the wetlands facilitated the dissolution of
oxygen in water to maintain a constant DO concentration.

3.3. Nitrogen removal efficiency

The maximum removal efficiency of NH; -N in EXP2 was observed in WL2 (Table 1). The removal
efficiency was marginally reduced in WL3, which had only coir-pith as the substrate, whereas the
lowest removal was encountered in WL1, which had only river sand. However, the overall NH; -N
removal efficiency was higher in all three pilot-scale wetlands than usually expected values due to
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Table 1. Influentand effluent water-quality data of three different pilot-scale wetlands with sand (WL1), coir-pith+sand
(WL2) and coir-pith (WL3) in EXP2 (n = 10).

Concentration Removal efficiency (%)
Parameter Units Inflow WL1 WL2 WL3 WLl WL2 WL3
pH - 59+0.9 6.7+0.7 70+£06 65+0.7 - - -
DO mg-L~! 6.8+14 6.5+15 6.2+15 6.7+13 - - -
BODs mg- L1 17.94+£9.0 114+6.2 82+35 97+31 362 544 456
NH;-N mg- L1 41.5+9.7 92+103 29+13 45+39 775 930 89.0
NOz N mg- L1 0.34+02 118+10 1.03+11 108+0.7 -—242 -200 -215
TN mg- L1 241 £+ 82 171+ 66 115+ 59 91 £ 52 291 523 621
PO, -P mg- Lt 1.7+0.6 05+04 04+03 04+02 687 742 744
TDS mg- L1 187 £ 51 117 £ 52 111451 114436 376 405 390
TSS mg- L1 109 + 85 67 + 47 38+35 37+34 375 654 664
Conductivity (ns-cm1) 391 246 250 241 371 361 385
Faecal coliforms ~ (CFU-100mL~1) 8613 5902 623 867 315 928 899

Note: DO, dissolved oxygen; BODs, biodegradable organic compounds; TN, total nitrogen; TDS, total dissolved solids; TSS, total suspended
solids.

ahigher rate of nitrification [8]. The NO3 -N concentration was increased in the effluent compared
with that of influent because of the almost complete nitrification. Usually, nitrification takes place
more rapidly than denitrification in submerged plant macrophyte systems due to the favourable
conditions prevailing in the daytime. Hence, the relatively higher concentration of NH; -N in the
influent made the effluent NO; -N concentration increase compared with the influent. However,
actual NO; -N removal efficiency must be very high because almost all the nitrified NH; -N was
removed via the denitrification process (Table 1).

TN removal efficiencies in the pilot-scale wetlands with coir-pith were always higher than that
in the wetland with only river sand (p < 0.05). It has been reported that the carbon/nitrogen ratio
should be at least 5:1 for complete nitrogen removal in a wetland system [7]. Accordingly, surplus
carbon from external sources may enhance the denitrification process, particularly at the lower
organic concentrations of the influent. Denitrification might have occurred predominately in the
substrate rather than the water due to the higher possibility for the formation of anoxic conditions
in the substrate under eutropic conditions. Consequently, the surplus of readily available organic
compounds in the substrate may have led to better removal of TN from the system. This may have
resulted in a higher TN removal rate in WL2 and WL3 than WL1 (p < 0.05).

The greater adsorption capacity of coir-pith might also have enhanced TN removal in WL2 and
WL3 [12]. However, TN removal efficiency improved with the increasing percentage of coconut
coir-pith in the substrate up to a certain point. The effects of coir-pith in the substrate did not vary
significantly at higher concentrations in EXP1 (coir-pith % > 50) (Figure 3).

601 m_—0.46

m__—0.24
40-

201 E
m__= Average gradient

ave

TN removal efficiency (%)

0 25 50 75 100
Coconut coir-pith (%)

Figure 3. Change in total nitrogen removal efficiency with percentage of coconut coir-pith in the substrate in EXP1.
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Figure 4. Changes in influent and effluent concentrations of POi‘-P during the study period in EXP2 (WL1, river sand
only; WL2, river sand/coir pith = 1 : 1; WL3, coir pith only).

In order to obtain a complete biochemical process, the influent composition should be balanced,
with an BODs/N/P ratio, for example, in the feed wastewater of 100 : 5 : 1 [16]. The influent of
this experiment contained a ratio of BODs /inorganic N/POi‘-P of 100 : 230 : 11. Consequently,
incomplete removal of nitrogen in the system due to lack of easily biodegradable organic matter
for denitrification could be expected.

3.4. Phosphorusremoval efficiency

Phosphorous is considered to be the controlling nutrient of eutrophication in ecological systems
because N can be fixed from the atmosphere, whereas P has no other route of entry than the inflow.
The major mechanisms for P removal are plant uptake or retention in the soil. All three pilot-scale
wetlands were efficient enough to remove >65% of the influent PO?(—P. Approximately 40-60%
removal of P in wastewater can be expected depending on the type of wetland. However, P removal
efficiency was not improved by the introduction of coconut coir-pith as an alternative substrate
material [13]. Only a marginal improvement could be observed in WL2 and WL3 over WL1
(Table 1). Growth of H. verticillata was not improved to a level that would have had a significant
effect on the PO3~-P removal mechanism of the amended pilot-scale wetlands. Thus, the effect
of direct plant utilisation of free orthophosphate did not vary with the presence of surplus organic
carbon [8].

The PO, -P removal efficiency decreased during the later stage of the experimental run, espe-
cially in WL1 (Figure 4). Even though the effluent PO;™-P concentration did not increase with
fluctuations in the influent concentration, it followed the same pattern as the influent after the
35th day following the commencement of analysis. The removal efficiency of PO;’T-P might be
reduced over time because adsorption is a saturable process. Even though the removal capacities
of all three pilot-scale wetlands remained the same during the experimental period, the end results
showed a greater difference. This might be due to the lower adsorption capacity of river sand than
the coir-pith used in the experiment.

3.5. Removal of organic compounds and dissolved and suspended solids

The removal efficiency of biodegradable organic compounds (BODs) was significantly higher in
WL2thanWL1 (p < 0.05). The removal of organic matter might have taken place principally due
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to aerobic or anaerobic microbiological decomposition or mineralisation. In fact, mineralisation
of soluble and fine particulate material might occur readily in biofilms, whereas the mineralisation
of coarse particulate organic matter might take place primarily in sediments [16]. Certainly, the
wastewater used in the experiment had undergone prior treatment during the early processes, and
only fine and soluble particles remained in the influent prior to entering the pilot-scale wetlands.
Accordingly, the biological processes occurring in biofilms might have been encouraged by the
addition of coir-pith because the highest removal was encountered in WL2. However, the coir-pith
worked better when it was mixed with sand rather than when it was used alone in the substrate
(Table 1). This may be due to the higher growth rate of H. verticillata in mixed substrates than
in a single substrate (Figure 2). Dense macrophytes might have supported BODs removal well
with the addition of a proportionately greater DO concentration in the system. Sedimentation may
have played a vital role in removing organic matter first from the wastewater [17] and then the
degradation of settled organic matter might have come into play.

The removal efficiency of total suspended solids (TSS) was better in both coir-pith pilot-scale
wetlands than in the system with river sand alone. Suspended solids (SS) may lead to the presence
of organic and inorganic particles in water. The tropical climate that is suitable for the growth of
algal blooms might have contributed greatly to SS in wastewater, causing a larger organic fraction
at the tertiary level. However, SS removal in a wetland system is a physical process. It may consist
of sedimentation, aggregation and surface adhesion [17]. Removal of the largest and heaviest
particles might not take place in the wetlands because they have already been removed in the
previous steps. However, the removal efficiency of relatively smaller and lighter particles might
have been enhanced by the macrophytes in WL2 because it demonstrated the best growth of H.
verticillata. The introduction of coir-pith into the submerged system did not improve the efficiency
of removal of total dissolved solids (TDS). Similarly, the removal efficiency of conductivity was
not increased and showed a nonaligned character related to the introduction of coir-pith. Therefore,
the availability of coir-pith did not have any substantial impact on the removal of dissolved organic
and inorganic compounds.

The presence of faecal coliforms (FC) can be correlated with BOD and TSS [18]. Pathogenic
bacteria and viruses are removed by mechanisms such as predation, sedimentation, absorption
and die-off due to unfavourable environmental conditions, including UV light and temperatures
unfavourable for cell reproduction. In addition, an increase in pH will help to reduce the num-
ber of coliforms. The experimental observations found a large number of FC in the influent
(Table 1). However, the microbiological treatment efficiency was improved in the two pilot-scale
wetlands with the coconut coir-pith compared with the wetland with only river sand. A greater
removal efficiency of FC (E. coli) (>80%) was observed in WL2 and WL3. By contrast, the
removal efficiency was low (30%) in WL1, in which only river sand was used as the substrate
material.

4. Conclusion

The experiment demonstrated very evidently the increased treatment activity of coconut coir-
pith-supplemented submerged wetlands in wastewater reclamation. The best removal efficiencies
in terms of total nitrogen and total suspended solids were encountered in the wetland with only
coconut coir-pith as an alternative substrate material. Removal of the biological oxygen demand
and ammonium was better when a mixture of river sand and coconut coir-pith was used as the
substrate. However, the introduction of coir-pith did not increase the removal of phosphate—
phosphorus, dissolved solids and conductivity in the submerged macrophyte systems used for
wastewater treatment.



11: 47 15 January 2011

Downl oaded At:

452 SK. Weragoda et al.
References

[1] M.A. Dandene, T. Rolland, M. Tremolieres, and R. Cariener, Effect of ammonium ions on the net photosynthesis of
three species of Elodea, Aquat. Bot. 46 (1993), pp. 301-315.

[2] T.V. Madsen, S.C. Maberly, and G. Bowes, Photosynthetic acclimation of submersed angiosperms to CO, and
HCOy3, Aquat. Bot. 53 (1996), pp. 15-30.

[3] J.I. Jones, J.W. Eaton, and K. Hardwick, The effect of changing environmental variables in the surrounding water
on the physiology of Egeria nuttallii, Aquat. Bot. 66 (2000), pp. 115-129.

[4] K.R. Reddy and W.H. Patrick, Nitrogen transformation and loss in flood soil and sediments, Crit. Rev. Environ.
Contr. 13 (1984), pp. 273-3009.

[5] E. Clarke and A.H. Baldwin, Responses of wetland plants to ammonia and water level, Ecol. Eng. 18 (2002),
pp. 257-264.

[6] S.K. Bastviken, P.G. Eriksson, A. Premrov, and K. Tonderski, Potential denitrification in wetland sediments with
different plant species detritus, Ecol. Eng. 25 (2005), pp. 183-190.

[7]1 Y. Lin, S. Jing, T. Wang, and D. Lee, Effects of macrophytes and external carbon sources on nitrate removal from
ground water in constructed wetlands, Environ. Pollut. 119 (2002), pp. 413-420.

[8] J.Vymazal, Removal of nutrientsin varioustypes of constructed wetlands, Sci. Total Environ. 380 (2007), pp. 48—65.

[9] C. Namasivayam, M.D. Kumar, K. Selvi, R.A Begum, T. Vanathi, and R.T. Yamuna, ‘Waste' coir-pith —a potential
biomass for the treatment of dyeing wastewaters, Biomass Bioenerg. 21 (2001), pp. 477-483.

[10] N. Ozturk and T.E. Bektas, Nitrate removal from aqueous solution by adsorption onto various materials, J. Hazard.
Mater. B112 (2004), pp. 155-162.

[11] T. Asaeda, H.N. Thanh, J. Manatunge, and T. Fujino, The effects of flowing water and organic matter on the special
distribution of submersed macrophytes, J. Freshwater Ecol. 19 (2) (2004), pp. 401-405.

[12] M. Kithome, J.W. Paul, and A.A. Bomke, Reducing nitrogen losses during simulated composting of poultry manure
using adsorbents or chemical amendments, J. Environ. Qual. 28 (1999), pp. 194-201.

[13] N. Tanaka, A.K. Karunarathna, and K.B.S.N. Jinadasa, Effect of coconut coir-pith supplement on nitrogen and
phosphate removal in subsurface flow wetland microcosms, Chem. Ecol. 24(1) (2008), pp. 15-22.

[14] N.Tanaka, K.B.S.N.Jinadasa, D.R.I.B. Werellagama, M.I.M. Mowjood, and W.J. Ng, Construction tropical wetlands
with integrated submergent—emergent plants for sustainable water quality management, J. Environ. Sci. Heal. A 41
(2006), pp. 2221-2236.

[15] S.P.M. Prince, W.S. Sivakumar, V. Ravi, and V. Subburam, The effects of coirpith compost on the growth and quality
of leaves of the mulberry plant Morus alba L., Bioresource Technol. 72 (2000) pp. 95-97.

[16] I. Karapinar and F. Kargi, Effect of wastewater composition on of a column bioreactor with recycle treatment
performance, Bioprocess Eng. 14 (1996), pp. 145-148.

[17] A. Ghermandi, D. Bixio, and C. Thoeye, The role of free water surface constructed wetlands as polishing step in
municipal wastewater reclamation and reuse, Sci. Total Environ 380 (2007), pp. 247-258.

[18] A.A. Kazmi, V.K. Tyagi, R.C. Trivedi, and A. Kumar, Coliforms removal in full-scale activated sludge plants in
India, J Environ. Manage. 87 (2008), pp. 415-419.



