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Reuse potential of laundry greywater for irrigatibased on growth, water and
nutrient use of tomato
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SUMMARY

Greywater is considered as a valuable resourceanditigh reuse potential for irrigation of househialdns
and gardens. However, there are possibilities dastant and sodium accumulation in soil from reake
greywater which may affect agricultural productiviand environmental sustainability adversely. We
conducted a glasshouse experiment to examine ioariat growth, water and nutrient use of tomato
(Lycopersicon esculentum Mill. cv. Grosse Lisse) using tap water (TW), ldwn greywater (GW) and
solutions of low and high concentration of a detaetgsurfactant (LC and HC, respectively) as iriaat
treatments. Each treatment was replicated five gimsing a randomised block design. Measurements
throughout the experiment showed greywater to dgpaifezantly more alkaline and saline than the otiypes

of irrigation water. Although all plants receivettsen irrigations over a period of nine weeks lunti
flowering, there were little or no significant effe of irrigation treatments on plant growth. Soeter
retention following irrigation reduced significaptiwhen plants were irrigated with GW or surfactant
solutions on only three of twelve occasions. On @rEasion, water use measured as evapotranspi(&ign
with GW irrigation was similar to TW, but it wagysificantly higher than the plants receiving HGgation.

At harvest, various components of plant biomass laaflarea for GW irrigated plants were found to be
similar or significantly higher than the TW irrigat plants with a common trend of GW?WTW > LC = HC.
Whole-plant concentration was measured for tweksemstial plant nutrients (N, P, K, Ca, Mg, S, Fag, C
Mn, Zn, Mo and B) and Na (often considered as aebeal nutrient). Irrigation treatments affectduet
concentration of four nutrients (P, Fe, Zn and Bia) uptake of seven nutrients (P, K, Ca, Mg, Naaa

B) significantly. Uptake of these seven nutrientgdmato was generally in the order GMW > HC= LC.
GW irrigated plants had the highest concentratioR,dNa and Fe which were 39-85% higher than the TW
irrigated plants. Compared with tap water irrigaf@dnts, greywater irrigated plants removed only 6%
excess B, but substantially greater quantity of(82£6) and Fe (86%). These results suggest thadigu
greywater has a promising potential for reuseragaition water to grow tomato.
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I ntroduction

Greywater is the non-toilet component of househadtewater that originates predominantly from laiesd
and bathrooms of residential buildings. Greywasea ipotentially reusable water resource for iriigaof
household lawns and gardens (Al-Jayyousi, 2008iassion of laundry effluent into gardens and lavis
technically possible without treatment (Jeppes886)L

Laundry greywater usually contains varying levdisaspended solids, salts, nutrients, organic mattd
pathogens (Christova-Boal et al., 1996; Howard|et2®05) which arise from washing of clothes using
detergents. Although public health risks associatgt reuse of greywater are well studied (Ottosmal
Stenstrom, 2003; Gross et al., 2005), informatianttee interaction of soils and plants with greywdse
limited (Eriksson et al., 2003).

Laundry detergents contain a range of chemicaltaobss that include surfactants, builders, bleachin
agents and auxiliary agents or additives (Smuld2062). A large proportion of the ingredients afrdry
detergents are essentially non-volatile compoumasimhted by salts. Some of the salts present ywgreer
can be beneficial to plants, particularly nutriemtshough a balanced concentration of nutrienteagired

to avoid nutrient deficiency or toxicity in plant®ossibilities of accumulation of sodium (Misra and
Sivongxay, 2009) and boron (Gross et al., 20050ihfrom greywater irrigation may affect soil pesties
and plant growth adversely. Although there are eqorts currently available to indicate how growtid a
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nutrient deficiency or toxicity symptoms may arigeplants irrigated with laundry greywater, it hasen
suggested that high pH (pH>9) and high concentratif sodium (with Sodium Adsorption Ratio, SAR >
10), zinc and aluminium in greywater may reducenpigrowth with direct and indirect effects on soll
properties (Christova-Boal et al., 1996).

Surfactants are a class of synthetic compounds amtynfound in greywater as residues of laundry
detergents (Smulders, 2002) and other househaddahiclg and personal care products (Eriksson e2@03).
Surfactants have been also detected in variouswatgr (e.g. municipal wastewater, Brunner et1&I88)
and in groundwater in areas after long-term langdliegtion of wastewater effluent (Field et al., 299
Surfactants are not only used in the detergentsingubut also in agriculture and horticulture asl s
conditioners to improve soil structure, infiltratiand to control erosion (Abu-Zreig et al., 20)rfactants

in irrigation water (including greywater) are known modify the hydraulic conductivity of soils
significantly (Abu-Zreig et al., 2003; Shafran dt, 2005) and it has been suggested that significan
accumulation of surfactants in soils may ultimatielgd to water repellent soils with adverse impagts
agricultural productivity and environmental susédiiity (Shafran et al., 2005; Wiel-Shafran et aD06).
The extent to which surfactants can modify the-saiter balance (Kuhnt, 1993) and influence waterard
plant growth is not well known.

Although surfactants have been used in agricultoredecades to improve application of herbicided an

other chemical products to plants (Parr and Norrh865), some plants grown in hydroponic systemi wit
added surfactants have exhibited phytotoxic sympt¢Bubenheim et al., 1997; Garland et al., 2000;
Garland et al., 2004). When untreated greywateusisd to irrigate plants growing in soil, the fatie o

surfactants in greywater irrigated soil-plant sgstes not well known.

The aim of this study is to evaluate the reusengiatieof laundry greywater by examining growth, eraand
nutrient use of tomatd_ycopersicon esculentum Mill. cv. Grosse Lisse) which is a common plantiany
household gardens in Australia. In this study, tmmalants were irrigated with laundry greywater and
surfactant solutions to separate the effects oerdent surfactants alone on soil-plant system from
surfactants combined with other pollutants (asréygater).

Materials and methods

We conducted an experiment in a glasshouse usiilgfrem the Agricultural Field Station complex
(27°3636'S, 15F5548'E, 693 m elevation) of the University of Southerme®nsland, Toowoomba,
Australia. The soil at the experimental site is @darately deep, well structured Red Ferrosol (Iskéb6)
that is a fertile soil distributed throughout Awdita and developed from olivine basalt of lower béoe age
containing kaolinite and hematite with small amaupit montmorillonite clays (Beckmann et al., 1974).

Sufficient soil (approx. 60 kg) was collected frahe top 10 cm depth in the field and was broughh®
laboratory for drying and sieving to reduce aggtegaze to <4.75 mm. Subsamples of this soil (¢ m
fraction) was analysed for a range of soil propetrtiThe soil contained 38.5% sand, 20.7% silt dnh&%
clay, and organic carbon of 35 gkgvolumetric soil water content at water potenti@l$ of -10 and at -
1500 kPa were 36.5 and 27.0%, respectively. ThaqmHEC (Electrical Conductivity) of the soil atails
water ratlio of 1:5 were 6.35 and 33 cni’, respectively; and CEC (Cation Exchange Capauigg 16.3
cmol. kg~.

Preparation of pots

Air-dry soil was first mixed with sufficient tap wex to increase its water content to 32% by wef{ghprox.
1.2 times the plastic limit of soil) and kept cosgrunder a plastic sheet for over-night equililoratiAfter
equilibration, soil was mixed for uniform distrilioh of moisture and was packed in PVC pots (190X6®
mm, top and bottom diameter respectively, and 180hmight). Soil was compacted to a final depth&0 1
mm in each pot to achieve a bulk density of 1.05 i) This bulk density was chosen to simulate soil
conditions in a recently prepared garden bed fig #oil (Misra and Sivongxay, 2009). For uniform
compaction, soil in each pot was compacted in thagers of 50 mm thickness and the surface of Huh e
compacted layer was slightly disturbed with a slpabefore packing the next layer to reduce soiétang.
Average soil volume in each pot with a soil depti®s0 mm was found to be 3.66 L. The volume of,stsl
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initial gravimetric water content and the bulk dgnsvere used to estimate various components oémwat
balance (including water use or evapotranspiratién) for each pot. As water balance components are
commonly expressed in depth of water (in mm or awgrage soil surface area measured for the pas wa
used to estimate water use and related paramatemi

Irrigation treatments

Twenty pots were placed on the glasshouse bennly asiandomised block design to allocate four dtian
treatments randomly in each of five blocks (replsq Irrigation treatments used for the experiment
included:

Tap water (TW) — sampled from a designated tamiadjacent laboratory;

Greywater (GW) — laundry greywater as detailedwelo

Low concentration of surfactant (LC) — to represavgrage detergent surfactant concentration of ¢&m
that may be found in greywater (see below);

High concentration of surfactant (HC) — to covewigle range of surfactant concentrations that may be
present in laundry greywater (150 mg)L

In these experiments, we collected laundry greymadang the Dynamo liquid detergent (Colgate-Paiveol
Pty Ltd, Sydney) throughout the experiment withanty fabric softener. A T-shaped flow splitter was
connected to the washing machine that allowed gaggmsample of at least 15 L. Each sample of gragiwa
was approx. 6.7% of the total greywater generatech the wash and rinse cycles together (Howard. et a
2005). As storage of untreated greywater is netcammended practice for health reasons (Jeppedg) 1
and most constituents of greywater are potentddigradable, all untreated laundry greywater wad ase
soon as possible (within 4 h of collection) togaie GW designated pots.

Prior to the irrigation experiment, laundry greyamatvas initially sampled from two washes separatety
rinse and wash cycles to determine the surfactantemtration of LC and HC irrigation water. The
greywater samples were analysed with the MBAS (Metle Blue Active Substance) method to determine
anionic surfactant concentration (Method 5540C, APIA005). The surfactant concentration in laundry
greywater was 15.5 mg'L(SE = 4.2n = 4). An industrial grade detergent surfactantddeme® HSS80AU
(Albright&Wilson (Australia) Ltd, Sydney) was us&glprepare LC and HC irrigation water by dissolvirtg
and 150 mg of the surfactant, respectively in 1f ldistilled water. Gardilene® HS80AU is an off wdit
powder, 80% of which includes the anionic surfactaium alkylbenzene sulfonate (also known aswsodi
dodecylbenzene sulfonate or sodiurg fgalkylbenzene sulfonate).

Experimental procedure

A portable weather station was mounted at apprax. Height above the glasshouse bench adjaceneto th
pot experiment to record air temperature and reddiumidity at hourly intervals throughout the enipent.
Daily maximum and minimum air temperature during #xperimental period was in the range of 10.8-28.9
°C and relative humidity 31-72%. Daily estimategeaference crop evapotranspiration gEWith the FAO

56 method (Allen et al., 1998) was also collectedthe experimental site (Jeffrey et al., 2001; (RN
2008).

Before planting, a spoon of Osmocote® fertilize®{7+ 0.33 g) was mixed uniformly with the top 5 ofm
soil. The fertilizer contained all essential macaod micro- nutrients required for plant growthvé=seeds

of tomato [ycopersicon esculentum Mill. cv. Grosse Lisse) were planted in each po2& August 2006 and
were thinned to a single seedling per pot 19 ddtgs alanting. Each pot was placed over a PVC dish,
slightly elevated with wooden disc inserts, to edlldrainage.

Irrigation treatments (TW, GW, LC and HC) were give all pots 4 days before planting and subsetyent
at a frequency of 1-2 irrigations per week for agueof 9 weeks. Full irrigation was given to egmit until
drainage. During irrigation, irrigation water wadded slowly at the centre of the pot to ensureithaas
distributed throughout the pot and to avoid watewfalong the soil-pot interface. Frequency ofgation
varied over time to avoid significant water defitcitplants. Within the first four weeks of plantjngigation
was given every'Sday. Afterwards, it was applied ever§ 8r 4" day until flowering. Plants were harvested
soon after flowering on 24 October 2006 for finaasurements.



Measurements

The volume of irrigation water and drainage forte@ot was measured throughout the experiment. Net
amount of irrigation water retained in soil duriag irrigation event was measured by weighing eaath p
before irrigation and 2-4 h after irrigation (whdrainage ceased) with an electronic platform badarfc32

kg capacity £0.01 g). Soil water content was additionally meadumn eight pots (2 replicates of 4
treatments) using TDR (time domain reflectometgfsors (each consisting of three, 10 cm long, lehral
waveguides) inserted into the soil in each pot ftbmtop. The weight of each pot (with or withouT @R
sensor) was used to estimate net amount of irdgatiater retained at each irrigation and loss dewfiom
pots via evapotranspiration (ET) from previousgation.

A Trase system (Model 6050X1, Soil Moisture Equipin€orporation, USA) was used to obtain TDR
readings (apparent permittiviti,). TDR sensors were calibrated separately by pgakia experimental soil
in four pots at the same bulk density and initiall snoisture content as the soil used for the ation
experiment. After installation of TDR sensors, ptits were irrigated to saturation with tap wated an
allowed to dry in a laboratory bench for over argght. Temporal variation in TDR readings and wedght
of the pots were used from saturation to watereamnglightly below the moisture content measureghdu
the irrigation experiment (approk, = 7). A single calibration equation was develojfgdcombiningk,
readings from all TDR sensors to estimate voluroetdil water content( %). The following calibration
equation was used to convigteadings in the irrigation experiment@g%).

0= 5.613k. %" (? = 0.94,p<0.001) (1)
Prior to irrigation, each type of irrigation watesas either freshly prepared (LC and GC treatmeois)
collected as described before (for TW and GW treats). The pH and electrical conductivity (EC) of
samples of irrigation water was measured beforeadied each irrigation event with a pH meter (TP&led
MC80, Brisbane, Queensland) and EC meter (TPS mbtle84, Brisbane, Queensland) fitted with
calibrated electrodes using the manufacturer inBtmis. The ion composition of irrigation water (Tawid
GW) and drainage water was not determined as ibbaga recently reported (Misra and Sivongxay, 2009)
The concentration of Na in GW is usually >4 timles toncentration in TW; however, the soil usedhm t
current study when irrigated with GW tends to metaiost sodium (Na) such that the drainage water
becomes similar in ionic composition to TW.

Throughout the experiment, plant health was moeian each of the 20 pots for any obvious symptoms
nutrient deficiency and/or toxicity and insect aehse attack. Plant growth and development wasursg
periodically following thinning. Length of a speciforanch (3 from the base) of each plant was measured
from the node to the branch tip. The length %fl@af from this branch was also measured over tifte.
harvest, plants were severed close to the sohsardnd were sorted into stems, branches and |daasges

of each plant were further sorted into various silzesses and a sample of 20% of all leaves of phait
representing various size classes were used fanéasurement of leaf area with a LI-3100C leaf aneter
(Li-COR Biosciences, Lincoln, Nebraska, USA). Frdshf weight and leaf area of sample was used to
estimate the total leaf area of the plant for eaglicate pot.

The root system of each plant was removed fromadter overnight soaking of each pot in tap waidére
whole root system of the plant with some soil dt&atto the root system was removed first. The remmgi
soil with roots was washed over a sieve with a 2 pare size to reduce root loss during washing.H-res
roots were dried with a paper towel before drying= C for 48 hours in a convection oven to detaedry
weight. The dry weight of stems and branches gblalits was also measured in a similar way.

Chemical and statistical analysis

Approximately 25% of each dry component of the plaas combined and were ground to reduce their size
to <1 mm. Nitrogen concentration in subsamples ryf matter was measured with Dumas combustion
method using a Leco nitrogen analyser (AOAC 1996 concentrations of P, K, Ca, Mg, S, Na, Fe, Cu,
Mn, Zn, Mo and B were measured on separate subsamplowing acid digestion (Benton-Jones et al.,

1991) using an inductively coupled plasma with cgdtemission spectroscopy (ICP-OES).
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Most data on growth, evapotranspiration (ET) asddmponents, plant biomass, nutrient concentratoial
uptake were analysed using the analysis of varismcemmended for randomised block design (Snedecor
and Cochran, 1989). Whenever a measured variabdefovand to be significantly affected by irrigation
treatments<0.05), mean values were compared with an estinfdtast significant difference (LSD). On
some occasions, when measurements did not inclidbeafive replicates of four irrigation treatment
standard error was used to compare mean values.

Results

During the experiment, tomato plants were irrigatédimes with various types of irrigation wateiz.\tap
water (TW), laundry greywater (GW), water with l@urfactant concentration (LC) and high concentratio
of surfactant (HC). The pH and EC of each typeragation water was measured before and afteratiog

to evaluate their overall chemical quality.

pH and EC of irrigation water

Table 1 shows the variation in pH and EC of iriigatwater used for various treatments. As expected,
greywater was significantly more alkaline than dtieer types of water used for irrigation. The pHrafious
irrigation waters was in the order GW > TW > LC € ivith a maximum difference of slightly above 1 pH
unit. Both tap water and greywater contained sigaiftly more dissolved salts than the surfactahitiems

(LC and HC) as indicated by EC values (Table 1).

Table 1. Variation in pH and EC of irrigation treatment (Tagater, TW; Greywater, GW; Surfactant
solutions of low concentration, LC; and high concation, HC) before and after irrigation througholog
experiment. Values followed by * sign indicate sl@and error, SEn(= 16).

Treatments  pH EC @S cni')
Before After Mean Before After Mean
irrigation irrigation irrigation irrigation
TW 6.86 +0.06 6.79 £0.09 6.83 4776 3.1 491.7+25 484.7
GW 8.15+0.12 7.92+0.11 8.04 653.3+3.1 665.4 +8.8 659.4
LC 780+0.14 788091 7.84 10.0+0.2 104+0.2 10.2
HC 731+0.12 7.19+0.10 7.25 62.8 +3.1 64.9+3.2 639

A comparison of EC for LC and HC treatments indédsd six-fold increase in EC with a ten-fold inGe&n
the surfactant concentration. EC for TW and GW wapprox. 48-65 times higher than the EC of water
containing low surfactant concentration (LC). Loaltdevels (low EC) found for surfactant solutidnghis
experiment was due to the use of distilled watenaking these solutions. Since anionic surfactasésl in
our experiments (sodium alkylbenzene sulfonatekalts of strong bases and weak acids, their solsitare
slightly alkaline, but their contribution towardsetsalinity of irrigation water was low.

Components of water balance and water use

The amount of water retained within soil for 12igation events is shown in Fig. 1 and variation in
volumetric soil water contenB) over time in Fig. 2. All irrigation treatments ramenced with the first
irrigation at 4 days before planting. However palts were irrigated inadvertently with tap watete®/s after
planting (DAP) that caused some delay to tifeirfigation given at 8 DAP. Pot weights also conlut be
obtained for the irrigation at 23 DAP. Although $kedata are omitted from Fig. 1, valuesfdbr all
irrigation events can be seen in Fig. 2. Soil watentent oscillated from slightly above nominalldie
capacity () = -10 kPa) to well below nominal wilting poinp & -1500 kPa). Statistical analysis for irrigation
treatment effects on values@®fwas not made because these were limited to twizagp pots only.

Water retained during a given irrigation is a fumectof water deficit present in the soil at the dirof
irrigation (arising from ET losses from the prewgourigation) and the water that could be retaibgdhe
soil following an irrigation and drainage. Signditt effects of irrigation treatments were detedted3 of
the 16 irrigation events analysed. Statistical@ffef the irrigation treatments were evident dytime early
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period of plant growth when soil water deficit wamdest and soil water content remained above the
nominal wilting point.
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Fig. 1. Variation in soil water retention following irrigan and drainage for various irrigation treatments

(TW, GW, LC and HC) during the experiment with tamalants. Vertical bars over mean values indicate
standard errors(= 20).
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Fig. 2. Variation in volumetric soil water content duritige irrigation experiment with four treatments (TW,
GW, LC and HC) given to tomato plants. Top and diotiines superimposed over the soil water content
indicate water retained at -10 and -1500 kPa, atisedy. Average standard errors of mean values2for
replicate pots (not shown for clarity) ranged fror@-3.1% for LC and TW treatments, respectively.

Mean values of water retention for these irrigatements are shown in Table 2. Soil treated with &hd
GW treatments retained lower quantity of water tia and LC treatments for the first two irrigation
events. On the third occasion, water retentiontfiersoil receiving HC treatment was lower than dtteer
treatments. As plant growth remained similar inpalts (details given later), it may appear thagation
water containing high concentration of surfactaarig/or combined with other pollutants (as in GWi ca

reduce soil water retention. The data in Fig. ® alsowed soil water conterl)(to remain in the order GW
< TW < HC < LC following irrigation.

Soil water deficit due to ET losses was high dutting late vegetative growth phase of tomato (40 DAP
onward, Fig. 2). As our experiment focussed to @rarthe effects of different types of irrigation teaon

ET, ET data were not corrected for plant biomassumclated during the measurement period. Values of
ET, averaged over all treatments, are shown in F@ong with the reference ET (Eestimated with the
FAO-56 method) for the corresponding period toc¢atk the magnitude of atmospheric demand. ET fibm a
irrigation treatments were similar or exceeded tekerence ET shortly after 39 DAP. However, any
significant effect of irrigation treatments on ETBsvobserved only once at 50-53 DAP=(0.03, LSD = 1.3
mm). At that time, ET (in mm) was in the order G¥®6} = TW (19.5§ = LC (18.1f°> HC (17.8%, where
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different superscripts indicate significant diffiece > LSD. These data indicate that plant waterwitie
greywater and tap water was similar but reduceg whien surfactants were present at high conceoirati

Table 2. Effects of irrigation treatments on soil wateraiged following irrigation and drainage. Different
superscript letter(s) near mean values under vaiioigation treatments on a specific day aftempiay
(DAP) are significantly different ap<0.05 when the difference exceeds the least sigmfidifference
(LSD).

Irrigation at DAP Water retained from irrigation ifm LSD
T™W GW LC HC
-4 22.6 21.7 228 21.3 1.0
28 12.6 11.7 12.6' 11.9° 0.8
36 18.3 17.7 17.7 15.8 2.0
30 -
OMeasured
BFAO-56
20 A
I
£
|_
w 410
0 .

15-18 28-32 32-36 36-39 39-43 43-46 46-50 50-53 53-57 57-60
Days after planting

Fig. 3. Variation in evapotranspiration (ET) during sucies irrigation cycles of various irrigation
treatments given to tomato plants. Reference Eimattd with the FAO-56 method for the corresponding
period is shown. Vertical bars over mean valuexatd standard errora € 20).

Plant growth and biomass

Although elongation of leaf, branch and stem (plagight) was measured on 9-10 occasions througheut
growth period, these were not significantly inflaed by the irrigation treatments. Temporal variatio
plant height and elongation of selected leaf amahdn are shown in Fig. 4. These data indicateptlaat-to-
plant variation in growth was small (small SE irgF4) and was unaffected by irrigation treatments.
Temporal variation in plant height (Fig. 4) and ren of leaves per plant (data not shown) was mostly
exponential until harvest time at flowering whictdicates that resources were not limiting plantgino
However, variation in leaf and branch elongatiors waponential for a brief period and became asytigpto
with age. There was a change in the growth andgatioonm rates of tomato (as seen from the changleein
slope of the plant height data in Fig. 4) around>4#3 that corresponded with an increase in ET alifhge

at 39-43 DAP (Fig. 3) and increased soil wateraiediround similar time (Fig. 2).

Although cumulative growth was unaffected by irtiga treatments, most components of plant biomads a
leaf area at harvest were significantly affected its\gation treatments (p<0.05), except root biosas
Greywater irrigated tomato plants had similar @hler leaf and stem biomass than tap water irrigplots
(Fig. 5). Significant reduction in various compotseaf plant biomass and total biomass occurregblamts
irrigated with surfactant solutions, especiallynagh concentrations (HC). Biomass and its companesetre
mostly in the order GV TW > LC = HC. Although root biomass was unaffected by itiiga treatments,
root shoot ratio was significantly higher for plamtrigated with HC (Fig. 6). This indicates thaigation
with surfactants may have exposed tomato plantautoient and/or water stress within the root zone.
However, when surfactants are combined with salteutrients, as in greywater, plant growth respsnse
were favourable. This view is well supported byngigantly higher p < 0.001) leaf area observed for
greywater irrigated plants over other irrigatiosatments (Fig. 6).
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Fig. 4. Temporal variation in lengths of leaf and brarmhg height of tomato plants with little or no etfec
of irrigation treatments used. Vertical bars ovembsols (occasionally smaller than the size of syinbo
denote standard errons € 20).

Nutrient concentration and uptake

Irrigation treatments had significant influenge<(0.05) over the concentration of four nutrient etars (P,

Fe, Zn and Na) out of twelve essential nutrientneliets (N, P, K, Ca, Mg, S, Fe, Cu, Mn, Zn, Mo andid

Na (considered as a beneficial nutrient for plamggsured for the whole-plant. Table 3 shows thel le
(probability) of significance for the concentratsonf those nutrients affected by irrigation treatiseand
mean concentration of those nutrients which wereafifected significantly by irrigation treatmentas
shown in Table 4, GW irrigated plants had the higteoncentration of P, Na and Fe which were 39-85%
greater than TW irrigated plants. The concentratioh Fe and Zn were also significantly higher with
greywater or surfactant solutions compared with tdpe water irrigated plants. These results sugtiest
substantial plant removal of these nutrients isibs with GW irrigation.

OLeaf

BStem

B Total

Biomass (g plant?)

Irrigation treatments

Fig. 5. Variation in total plant biomass and its composdigaf and stem) for tomato as affected by various
irrigation treatments used. For a specific bion@saponent, similar letter(s) over the set of foeatments
(TW, GW, LC and HC) indicate that the differencetvieen mean values are less than the least sigmtific
difference (LSD). LSD values for leaf, stem andatobiomass were 0.68, 0.98 and 1.71 g plant
respectively.

The effects of irrigation treatments on uptake afious nutrients are given in Table 3 with meamealfor
uptake of specific nutrients not influenced sigrgfitly by irrigation treatments. Nutrient uptake swa
estimated as the product of nutrient concentradiwech biomass. For the uptake of P, K, Ca, Mg, Naarke
B, which were significantly influenced by irrigatidreatments, are given in Table 5. Once agairakepof
these seven nutrients was significantly higher wplkamts were irrigated with greywater (GW) and lowe
when irrigated with surfactant solutions (LC or HG8an irrigated with tap water, TW (Table 5). Greyer
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irrigated plants accumulated relatively similar it of B, but substantially greater quantity o XB3%)
and Fe (86%) compared with TW irrigated plants.diptof these seven nutrients by tomato was geperall
in the order GWTW>HC>LC.

0.3 1 BRS
mLA

0.2 A a
ab

0.1 A

Root shoot ratio (RS)
Leaf area (LA, m2)

0.0 -

™w GW LC HC
Irrigation treatments

Fig. 6. Variation in root-shoot ratio (RS) and leaf arkA) of tomato with various irrigation treatmentsorF
a biomass component, similar letter(s) over theosébur treatments (TW, GW, LC and HC) indicatatth
the differences between mean values are less tiedpdst significant difference (LSD). LSD values lhoth
RS and LA (M) were 0.02.

Discussion

For irrigation of residential urban areas, watealty guidelines developed for agricultural use diféicult

to apply to greywater as it is a wastewater reggirtonsideration of public health hazards (Ayerd an
Westcot, 1985). Reuse of untreated greywater fiaition is considered hazardous due to the paterisik

of infection from direct human exposure (Jepped®96). However, recent reports (Jackson et al.6200
Finley et al., 2009) suggest that public healtksiarising from pathogenic contamination of foodps
irrigated with greywater are relatively small. Singur research focuses on the environmental impEcts
reusing greywater to irrigate crops, we discusssingsitivity of tomato to greywater and surfactamith
implication to other soils and plants.

Table 3. Summary of the effects of irrigation treatmentsratrient concentration and uptake by tomato
plants at harvest. Mean concentration or uptakeieglare shown only for nutrients which are not
significantly (NS) affected by irrigation treatmer{>0.05).

Nutrients Level of significancep) Mean values

Concentration Uptake Concentration Uptake
N 0.159 NS 0.215 NS 2.985% 0.215 g plant
P 0.004 0.001 - -
K 0.743 NS 0.025 2.826% -
Ca 0.186 NS 0.004 1.953% -
Mg 0.436 NS 0.050 1.013% -
S 0.652 NS 0.318 NS 0.303% 0.044 g plant
Na <0.001 <0.001 - -
Fe 0.013 0.012 - -
Cu 0.174 NS 0.279 NS 22.8 mg kg 0.334 mg plant
Mn 0.166 NS 0.833 NS 171.5 mg kg 2.502 mg plant
Zn 0.034 0.144 NS - 1.303 mg plant
Mo 0.066 NS 0.071 NS 0.161 mg kg 0.002 mg plarit

B 0.166 NS 0.009 23.0 mg kg
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Table 4. Effects of irrigation treatments on the nutriemncentrations of tomato plants. For a specific
nutrient, same superscript letter(s) near the medme for an irrigation treatment indicate thatsitnot
significantly different from the mean value of dmet irrigation treatment unless the difference ieam
value exceeds the least significant difference (L.SD

Nutrients Irrigation treatments LSD
TW GW LC HC

P (%) 0.154 0.214 0.150 0.142 0.037

Na (%) 0.182 0.326' 0.124° 0.115 0.063

Fe (g kg 0.802 1.48G 1.572 0.708 0.591

Zn (g kg') 0.076 0.09G° 0.086° 0.106' 0.019

Table 5. Effects of irrigation treatments on the nutrientake of tomato plants at harvest. For a given
nutrient, same superscript letter(s) near the medumes of various irrigation treatments indicatattthe
difference in uptake for those treatments are nghifscantly different unless they exceed the least
significant difference (LSD) for that nutrient.

Nutrients Irrigation treatments LSD
TW GW LC HC

P (g plant) 0.024 0.035 0.027F 0.018 0.007
K (g plant®) 0.424 0.464 0.392 0.372 0.059
Ca (g plant) 0.292° 0.32% 0.268 0.266 0.030
Mg (g plant)) 0.152° 0.167 0.13% 0.139 0.024
Na (g plant) 0.029 0.053 0.018° 0.015 0.011
Fe (mg plarit) 12.893° 23.98¢ 22.129° 9.040 9.327
B (mg plant) 0.37¢ 0.393 0.353 0.249 0.079

Effects of greywater and surfactants on water use

Recent studies show that anionic surfactants (@irtal the type used in this study and likely tgpbesent in
greywater) cause a greater reduction in capillesg than the deionised water (Abu-Zreig et al.,3)0&r
freshwater (Wiel-Shafran et al., 2006). This is sistent with our experimental results which showed
reduced soil water retention on several occasiodmsnwomato was continuously irrigated with surfatta
solutions and laundry greywater (Figs. 1 and 2weler, ET was affected by irrigation treatmentsyam
one occasion (Fig. 3) and ET losses were highetst GW irrigation and lowest with solutions of high
surfactant concentration (HC). Overall, lack ofgigtent, adverse impacts of surfactant-rich irfayatvater
and greywater on water retention and ET observediirstudy indicates that surfactants and othdutzoits
present in greywater may only have a modest effecivater use by tomato over short periods. Since
surfactants are used in numerous agricultural angéhold products, it was not possible in this ystiad
determine if the soil was free from surfactantaaes from past applications.

Plant growth response to nutrients and surfactantsin irrigation water

As greywater is a wastewater containing variougsypf dissolved and suspended substances, plamthgro
may be reduced due to inhospitable pH, excess sifigiency or toxicity of nutrients and pollutarie.g.
surfactants). Although greywater was alkaline veithH > 8 (Table 1) that exceeded the pH of otheegyof
water by 0.5-1 pH units, growth of tomato remaingcffected over 9 weeks (Fig. 4). Biomass at harves
indicated similar or higher plant biomass (Fig.ab)d leaf area (Fig. 6) for tomato irrigated withiridry
greywater (GW) compared to tap water (TW). In casity irrigation with surfactant solutions (LC an@H
caused a modest decrease in various component®orobds and leaf area without any visible toxic or
deficiency response in the plant. In hydroponideys, some plants (e.g. lettuce) have been reptutbd
quite susceptible to surfactant toxicity (Bubenheihal., 1997) but not wheat (Garland et al., 2Q@m4).
Chlorosis in lettuce has been also reported widywgater irrigation (Wiel-Shfran et al., 2006). S¥ia our
experiment, plant parts (leaf or root) did not comelirect contact with surfactant solutions orygvater
except via soil, no toxic responses were obseri/ed.anionic surfactant used in our experiment mknto
have a lower capacity to remain adsorbed in saih tharious mixed types of surfactants commonly used
the formulation of detergents (Rao and He, 2006)oAic surfactants also tend to degrade rapidlgdih
(Kuchler and Schnaak 1997) with little or no rigk goil biota (Scott and Jones, 2000). Thus, anionic
surfactants present in irrigation water may nosigein soils long enough to affect plant growtlverdely.
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Nutrient and pollutant removal by plants

On the basis of relative salt tolerance of cropsato is considered as moderately sensitive te §aiters
and Westcot, 1985; Maas, 1990). Elevated concéntsabf specific nutrients (P, Na, Fe and Zn) farridry
greywater irrigated plants in Table 4 and elevdg®dls of uptake of P, K, Ca, Mg, Na, Fe and B &bl€ 5
suggest that nutrient uptake ability of tomato was$ adversely affected by using greywater or stafac
solutions for irrigation. Although nutrient conceatton was not measured in the soil solution in our
experiment (as all plants received fertilizer a¢ time of planting), continuous measurements ohtpla
growth and visual assessment of toxicity and deficy symptoms suggest that repeated irrigation with
greywater may not contribute to unusually highaw hutrient concentration in the root zone of pidiar a
sustained period to cause decline in plant growtr. further examination of any association of rautri
deficiency or toxicity arising from irrigation trements used in our study, nutrient concentratida daour
study has been compared with the data typicaldimato and other plants (Huett et al., 1997; Liphadzd
Kirkham, 2006). These comparisons show that tormkots in our study may have been deficient in majo
nutrients (N, P, K, Ca, Mg and S) that would regudditional fertilizer application. The conceritat of

Na, Mn, B and Mo in tomato plants in our study wesithin the range considered adequate. However, the
concentration of Cu and Zn was slightly above tthegaiate range. The concentration of Fe in the plast
beyond the upper limit of adequate concentratigmomed for all plants. Since the soil used in our
experiment is a Ferrosol that is derived from ioside minerals, excess concentration of Fe foungblEnts
from all irrigation treatments may have originatemin soil rather than from greywater or surfactants

Conclusions

Our experimental evaluation of the reuse potenfidhundry greywater and surfactant solutions agdtion
water indicate that reduced quality of greywatethwiiigh pH and EC compared to other types of itioga
water did not affect plant growth continuously otiere, except at the time of harvest. On a few sicees,
soil water retention following irrigation was redutsignificantly when plants were irrigated with GW
surfactant solutions. Water use measured as ewayspiration (ET) was affected even to a lessemnexban
water retention. ET of GW irrigated plants was famto those receiving TW, but was significantlygner
than the plants receiving HC treatment. At harvesatious components of plant biomass and leaf firea
GW irrigated plants were similar or significantligher than TW irrigated plants following the treodGW

> TW > LC = HC. Irrigation treatments significantly influerttéhe concentration of four nutrients (P, Fe,
Zn and Na) and uptake of seven nutrients (P, K,M&g,Na, Fe and B) with nutrient uptake followirftet
trend GW= TW > HC= LC. GW irrigated plants had the highest conceianadf P, Na and Fe which were
39-85% higher than the TW irrigated plants. Comgasith tap water irrigated plants, greywater irtigh
plants removed an additional 6% B, but substagtgéater quantity of Na (83%) and Fe (86%). Osults
suggest that laundry greywater has good potenialirfigation of household gardens and lawns if the
selected plant is able to remove pollutants (Narasthls) from greywater irrigated soils without adsely
affected by surfactant residues and other pollstadbwever, further research is needed to determhine
hyper accumulation of these nutrients in tomato dras adverse effect on human nutrition that maytlim
widespread use of laundry greywater in variousssaild plants.
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