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ABSTRACT

The extensive production of petroleum-based synthetic detergents worldwide presents a huge
challenge to sustainability and environmental safety. Efforts are being made to find alternatives
from the nature. The study tested plant-based surfactants including soapnut from Sapindus
mukorossi and Sapindus trifoliatus and soapbark extract from Quillaja saponaria with anionic
surfactants (sodium lauryl sulphate and linear alkyl benzene sulphonate) and commercial detergents
(powder and liquid) through wastewater quality analysis and toxicity tests on zebrafish (Danio
rerio). A wastewater quality index was used to compare the physicochemical properties of laundry
wastewater. Wastewater from all the surfactants tested were acceptable, but acute toxicity tests
confirmed that soapnuts and anionic surfactants are more toxic than commercial detergents and
Quillaja. Aerobic treatment using microbial consortia neutralises saponins three times more
efficiently than natural biodegradation, with up to 60 % saponin degradation within 15 - 30 days.
Soapnuts are a proven source of natural surfactant, with applications in industry, animal husbandry,
and agriculture, and they have the potential to meet the demand for green detergents and net-zero
carbon emission goals. For soapnuts to be environmentally acceptable, the wastewater generated
from them and their products must be treated with a combination of aerobic degradation, adsorption
and filtration until the saponins are adequately removed.
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INTRODUCTION

Clean water and sanitation for all is a priority
of the United Nations as their sixth sustainable
development goal. Paradoxically, in the
modern age, sanitation is impossible without
detergents, which pollute water, cause
eutrophication, and harm aquatic life [1]. The

threat of detergent pollution is ever-present
and growing due to population explosion,
rising consumer awareness about cleanliness,
and increased disposable income. The rising
dependence on hard groundwater has
increased detergent consumption by 10 % to
30 % per wash [2]. Hard water significantly
reduces dirt removal and increases
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redeposition when cleaning with linear alkyl
benzene  sulphonates (LAS)  solutions.
Increasing the quantity of a detergent, adding a
softener or builder, and increasing the washing
temperature or the number of rinse cycles do
not compensate for the loss of detergency. Soft
water is the best choice for LAS detergents
[3]. Foaming, temperature changes, salinity
and pH adversely affect aquatic life. Fishes are
more susceptible to exposure to anionic
detergent in hard water than in soft water [4].
Since detergents have become more complex,
the persistence of their components in the
ecosystems further increases the threat.
Detergents present in wastewater reduce the
efficiency of treatment plants [5]. LAS
homologues interfere with the anaerobic
digestion of wastewater at half-maximal
effective concentration (ECso) of 14 mg L*
[6]. Meanwhile, untreated laundry wastewater
pollutes  groundwater.  Alkyl  benzene
sulphonate (ABS) is difficult to degrade and
can be traced 3.5 km down gradient, while
LAS and sodium lauryl sulphate (SLS) are
detectable 0.6 km down gradient [7].

Efforts are being made to find alternatives
from the nature [8, 9]. Surfactant-producing
organisms are used in food processing,
bioremediation, oil and gas, pharmaceuticals
and the cosmetic industry [10, 11]. Natural
surfactants contain saponins, a tensioactive
ingredient that reduces the surface tension of
water and causes abundant foaming [8], and
their primary role in nature is self-defence.
Soapnut is a saponin-rich fruit of the Sapindus
species. Its cleansing action are well
documented [11]. Aqueous extract of soapnut
(Sapindus mukorossi) matches the
effectiveness of commercial detergent in terms
of foamability, emulsion, stability, viscosity,
and dirt dispersion [12]. The foaming
characteristics of Sapindus mukorossi are
better than SLS, an anionic surfactant, and
Tween-20, a non-ionic surfactant [13]. In
cleaning action, surface activity and
wettability, Sapindus trifoliatus has been
proven superior to Sapindus mukorossi [14,
15] and Acacia concinna [13]. Soapnut is on a
par with the commercially available detergent
Henko in foamability, emulsion stability,
viscosity and dirt dispersion. Dirt dispersion is

highest at the critical micelle concentration
(CMC), unlike Henko [13]. Several other
applications of soapnut trees, including
biodiesel, biochar, pest control, and medicinal
attributes, indicate its suitability as a
sustainable alternative to chemical surfactants
[16].

While SLS is banned due to its low
biodegradability, soapnut saponin is reportedly
toxic to fish and invertebrates [17]. This
research used standard toxicity tests to
evaluate wastewater quality and eco-toxicity
of detergents with plant-based surfactants. The
natural surfactants tested were crude aqueous
extracts of soapnuts from Sapindus mukorossi
(SMU) and Sapindus trifoliatus (STR) and
purified Quillaja saponin (QUI) obtained from
the Quillaja saponaria tree bark. They were
compared with  four petroleum-derived
detergents: SLS, LAS, a commercial laundry
detergent powder (DET) and a liquid detergent
of the same brand (LQD). Liquid detergents
are gaining popularity with the increasing
dependence on washing machines. However,
research on their environmental toxicity was
not found.

Zebrafish (Danio rerio) toxicity test, accepted
worldwide for screening toxicants, bioactive
compounds and plant-derived crude extracts,
was used in this study [18, 19]. The toxicity
data available so far are based on half lethal
concentration (LCsg) endpoints. However,
recent reports recommend effects below LCso,
which are more environmentally relevant [20,
21].

EXPERIMENTAL
Materials

The following washing agents were tested in
this experiment: sodium lauryl sulphate (SLS),
purchased from  Merck, and linear
alkylbenzene  sulphonate, purchased at
Hyderabad (neutralised with 12.5 % NaOH in
water to produce linear alkyl benzene
sulphonate (LAS)). A popular commercial
powder laundry detergent (DET), and liquid
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laundry detergent (LQD) were purchased in
Cochin. Saponin Quillaja sp. (QUI) with 20 -
35 % sapogenin content was purchased from
Sigma Aldrich. The dried fruit of Sapindus
mukorossi (SMU), purchased from an herbalist
in Coimbatore, was air-dried, deseeded and
stored in an airtight jar. Five grams of finely
chopped fruit was soaked in 100 mL double
distilled water and placed on a shaker for 4 h
at 100 rpm. The extract was warmed to 70 °C,
centrifuged for 20 min and passed through a
pre-weighed Whatman Filter paper #1. 50 mL
water was added to the residue, shaken at 100
rpm for 2 h and filtered. The total extract was
150 mL. The filter papers were dried at 50 °C
for 24 h and weighed. The fibre weight was
subtracted from the initial weight to calculate
the concentration of the stock solution. The
stock solution was kept in the refrigerator for
up to 30 days. Fruit was collected from a
Sapindus trifoliatus (STR) tree at the Cochin
University of Science and Technology
(CUSAT) campus. Aqueous extract of
Sapindus trifoliatus was prepared after shade-
drying the fruit.

For the biodegradation study, a composting
mix named Bhoomi Dhaari BD-9 was obtained
from Pune, which contained a consortium of
Trichoderma  viride,  Aspergillus  niger,
Bacillus sp., Lactobacillus sp., yeast, and
actinomycetes in a sterilised carrier of wheat
bran, carboxymethyl cellulose, jaggery, rock
phosphate, calcium carbonate and talc. The
consortium’s colony forming unit (CFU) count
was 1x 10° CFU g,

Methods
Physicochemical properties

The CMC of detergent samples was tested in
distilled water (DW) and at 2000 mg Ltin tap
water (TW), which was filtered groundwater
with a hardness of 179 mg L' and a
conductivity 0.070 S m?, and washing
machine effluent (WW) washed in tap water.
The International Electrotechnical
Commission’s IEC60456 methodology using a
regular cotton program at 30 °C was followed
when washing the laundry [22]. To reflect

average consumer conditions, 2 kg dry weight
of the cotton laundry, including two bed
sheets, one pillowcase, one towel, four t-shirts,
one terrycot shirt, and a pair of socks used for
one day, was soaked in 10 L of 2000 mg L*
concentration of each surfactant for 30 min
and run in a top-loading washing machine for
one wash cycle followed by two rinse cycles.
All items were colour-fast. Water from all
three wash cycles was combined in equal
measure to obtain the effluent sample.

Temperature, pH, electrical conductivity, total
dissolved solids, salinity and dissolved oxygen
were measured with a portable
ThermoScientific Eutech Cyberscan series 600
waterproof hand-held water analyser. Total
hardness, calcium hardness, magnesium
hardness, total alkalinity, chemical oxygen
demand (COD), and biological oxygen
demand (BOD3) were calculated according to
the standard methods prescribed by the
American Public Health Association (APHA),
American  Water  Works  Association
(AWWA), and Water Environment Federation
(WEF) [23]. Nitrate, phosphate, chloride and
sulphate were tested by ion chromatography.
The results of the tests were compared with the
wastewater quality discharge norms set by the
regulatory authorities of different countries,
including the Environment (Protection) Rules,
1986 [Schedule VI], India [24] monitored by
the Central Pollution Control Board (CPCB),
India; Regulations for wastewater reuse and
discharge (145/193, 1993), Oman; Jordanian
Standard (JS: 893/2002) for discharge to
streams, storage and groundwater recharge,
Jordan; and the World Health Organization
(WHO) [25], as shown in Table 1.

A wastewater quality index (WWQI), similar
to the simple water quality index (ISQA)
prepared using the simple water quality index
calculator [26] was developed for testing
freshwater samples, where li was the weighted
index of each parameter. The value of li is
between 0 and 1. A sample that was within the
permissible range received a value of 1, while
a sample that was within a relaxed range
received a value of 0.5, and samples outside
the permissible limit received a value of 0.
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The following equation was used to calculate
the wastewater quality index (WWQI):

WWQI=Tx Y12 Ii (1)

where 1i is the sub-index value of each
parameter, and T is ambient water temperature
in °C.

Twelve parameters were used: pH, redox

dissolved solids, salinity, alkalinity, total
hardness, calcium hardness, chemical oxygen
demand, and 3-day biological oxygen demand.
A WWQI of 250 - 300 was considered
excellent, 200 - 250 good, 150 - 200 average,
and 100 - 150 was fair or below average. A
WWQI below 100 indicated poor water
quality.

potential, electrical  conductivity, total
Table 1. Permissible limits for wastewater
Parameter Unit Limit Regulatory authority Weighted index
<45 CPCB [24]- at the point of discharge
Temperature °C
<40 CPCB - at 15 m downstream
H 55-9.0 CPCB 0:>90
P 6.5-9.2 WHO [25] 1:55-90
) -150 to -50 CPCB - for wastewater 0: <-150,
Redox potential mvV — 0.5:>-150
>-50 CPCB - for drinking water 1:>-50
) o 0.2 Oman [25] 0:>02
Electrical conductivity Smt 0.5:>0.075
0.075 WHO 1: < 0.075
_ _ 1500 Jordan [25] 0: > 1500
Total dissolved solids mg L 0.5: 1000 - 1500
1000 Oman 1: <1000
100 CPCB - in water bodies 0 > 600
Total suspended solids | mgL™? 200 CPCB - on land 0.5: 200 - 600
600 CPCB - in public sewers 1:<200
NaCl mg L 250 Varma & Ratan, 2020 [27] 0:>250, 1: <250
>2 Oman - .
DO mg L? — _ : 0:> 4,.0.5. 2-4
>4 CPCB - for wildlife and fisheries 1<2
200-4 PCB - limit f . .
Total alkalinity mg Lt | 200-400 CPCB - limit for wastewater 0: > 400, 0.5: > 200,
100 - 200 CPCB - for aquatic life, drinking 1:<200
Total hardness L1 600 CPCB - for areas with water scarcity
mg L- .
(as CaCOs) J 0-60 WHO - Soft water [28] 0:> 150,
0.5: 60 - 150
Calcium hardness L1 61-120 WHO- Moderate hard [28] 1: <60
ma L-
(as CaCOs) g 150 Oman
250 CPCB 0: > 250,
COD mg L? 0.5: 150 - 250,
150 WHO 1: <150
30 CPCB, BODsinland surface water
60 Jordan, for BODs 0:>100
BOD mg L 0.5:30-100
80 WHO, for BODs 1: <30
100 CPCB, BODzgirrigation / coastal
Total Kjeldahl nitrogen mg L1 34 WHO 0: > 100
@sN) 100 CPCB, inland /coastal water 0.5:34-100, 1: < 34
Sulphate ion mg L 400 WHO 0: > 400, 1: < 400
Phosphate ion mg L 5 CPCB 0:>5,1:<5
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Toxicity test on zebrafish

The toxicity test was performed on zebrafish
(Danio rerio) purchased from a pet store
(PET). PET zebrafish belong to wild-type,
genetically  undefined, and genetically
heterogeneous stock [29, 30]. Fish acute
toxicity test was performed according to the
guidelines of the Organisation for Economic
Co-operation and Development (OECD)
(1992) [31]. The one-up-one-down method
helped to identify the range of toxicity in
advance. The fish was acclimatised for 7 days,
with daily feeding. The batch with less than 5
% fish death during acclimatisation was used
for the experiment. The test was conducted in
triplicate, with five fish per jar, for 7 days. The
guidelines of the Committee for the Purpose of
Control and Supervision of Experiments on
Animals, a statutory body under the
Prevention of Cruelty to Animals Act, 1960,
Government of India (CPCSEA) were
followed for the ethical treatment of fish [32].
The criteria for mortality were the absence of
gill movement and the absence of spontaneous
movement upon gentle prodding. Acute
toxicities (96 h LCso) were compared [33].
LCg and LCio were also determined to meet
the recent recommendations of different
regulatory  agencies [20, 21]. Lethal
concentration was calculated using R [34, 35].

Aerobic biodegradation of soapnut saponin
and toxicity test on zebrafish

Aerobic biodegradation for the two soapnut
extracts SMU and STR was carried out in
three ways. 600 mg L of soapnut extract was
incubated in the first set. 100 mL of the same
was mixed with 0.5 g of composting mixture
(BD-9) in the second set (treatment B). The
third set contained 100 mL soapnut extract, 0.5
g of BD-9 and 2 % glucose as an additional
carbon source (treatment B+G). These
combinations were aerobically degraded for 30
days at room temperature, filtered and
sterilised by exposure to UV light for 10 min.
The toxicity test was performed according to
previous section with samples manipulated as
follows: the aerobically degraded samples
were diluted to 4 mg L(C4), 8 mg L (C8),

and 12 mg L™* (C12) according to their original
concentrations. Pure water was used as a
control sample. The experiment compared the
difference in toxicity according to these
manipulations. Mortality was recorded after
96-h of exposure. Fish mortality in the
biodegradability test was analysed using
ANOVA [35] and Dunnett's multiple
comparison test [36].

RESULTS AND DISCUSSION

Data on physicochemical parameters are
presented in Tables 2, 3 and 4, and visualised
as heat map to present acceptable (green),
slightly high (yellow) and high (orange)
values. The plant-based surfactants, QUI,
SMU, and STR were acidic, while synthetic
detergents were neutral to alkaline. SLS, LAS
and DET were extremely hard at CMC. All
samples except STR and LQD had very high
COD; SLS and LAS had exceptionally high
COD: above 5000 mg L. The parameters of
DET in distilled water were mostly beyond
permissible limit for effluent discharge (Table
1), possibly due to various salts that are added
to improve the efficiency of the detergent
powder. Concentrations of ions (Table 5) were
excluded from the WWQI since they were
within limit for all the samples.

The effluent from all washing machine
samples had an average WWQI and met the
standards for effluent discharge at their CMC
(Figure 1). Quillaja was not tested as a laundry
detergent, but its quality was excellent in
distilled water and on par with SMU, slightly
less than STR and tap water. As expected, the
WWQI of soapnut extracts SMU and STR
showed deterioration in the following
sequence: distilled water - tap water -
wastewater, but DET and LQD showed the
opposite result. In the case of DET, this could
be due to additives such as water softeners.
Overall, LAS, LQD and STR gave the best
wastewater quality, followed by DET.
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Table 2. Physicochemical properties of detergent samples at CMC in distilled water (DW)

Sample SLS LAS DET | LQD | QuUI SMU | STR DW
Temperature °C 28 28 28 28 27 29 28 28
pH 6.2 8.2 11 6.35 4.4 4.2 3.67 5.6
Redox potential mV -189 | -132 | -224 | -399 | 846 | 118.6 120 39.4

EC Smt 0.057 | 0.019 | 0.206 | 0.011 | 0.004 | 0.027 | 0.018 | 0.005

TDS mg L 936 180 1992 | 101.8 | 42.8 | 254.7 178 43.8
NaCl mg L 543 175 2113 | 99.29 46 248 175 47.3

DO mg L 7.83 7.89 7.92 7.66 7.76 7.9 7.65 7.92
Alkalinity mgL? | 3145 | 315 629 129 629 | 188.7 | 94.3 BDL
Total hardness mg L 320 640 320 20.6 12 20 16 20
Ca hardness mg L? 160 320 160 20.6 8 16 12 12
COD mgL? | 5236 | 5527 582 51.84 | 436 | 290.9 131 BDL
BOD; mg L? 40 16.4 328 | 32.82 | 205 | 49.23 | 65.6 BDL

BDL = below detection level

Table 3. Physicochemical properties of detergent samples at 2000 mg L in tap water (TW)

Sample SLS LAS DET LQD SMU STR T™W
Temperature °C 29 28 29 28 28 28 29
pH 6.69 7.15 9.65 7.95 6.5 6.6 6.73
Redox potential mV -478 | -67.7 | -176 -102 - 36 -39.9 - 52
EC Smt 0.083 | 0.074 | 0.176 | 0.075 | 0.074 | 0.074 | 0.070
TDS mg L? 547.5 740 1760 752.1 716 715.7 676
NaCl mg L! 803.8 723 1807 738 729 730.5 676
DO mg L 6.54 7.25 7.41 6.67 7.11 7.71 7.93
Alkalinity mg L 240.4 256 609 240.4 156 187.5 156
Total hardness mg L? 212.4 207 181 189.1 195 175.8 179
Ca hardness mg L? 121.7 57 23.3 126.9 52.3 47.5 23.8
COD mg L! 230.4 64 63.4 | 115.2 338 416.3 0
BODs mg L? 63.9 50.8 66.9 67.68 50.5 47.8 38.5
Table 4. Physicochemical properties of wastewater from detergent samples
at 2000 mg L in tap water (WW)
Sample SLS LAS DET LQD SMU STR T™W
Temperature °C 28 28 28 28 28 28 29
pH 6.85 7.06 7.69 7.08 6.86 6.67 6.86
Redox potential mV -57.1 -63.5 - 95 - 64.3 - 52 -48.4 -53
EC Smt 0.090 0.077 0.101 0.082 0.097 0.073 0.083
TDS mg L 826.4 773 1008 715.2 972 708.7 829
NaCl mg L? 884.8 753 1004 802.7 959 708.7 810
DO mg L? 0.65 4.23 5.33 6.65 1.34 1.32 2.98
Alkalinity mg L? 156.3 337 337 336.5 641 125 321
Total hardness mg L! 161.5 189 197 204.6 215 185.3 205
Ca hardness mg L? 49.88 18.3 10.4 25.9 75.1 30.88 18.1
COD mg L? 338.2 51.8 40.3 182.1 63.4 169.1 17.3
BOD3 mg L? 45.15 54.1 71.4 46.48 67.7 46.28 31.9
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Table 5. Concentration of ions in detergent samples in distilled water (DW)

SLS | LAS DET LQD QUI SMU STR DW
Concentration (mg L) | 2400 | 650 1910 2020 250 1993 2688 0.0
Fluoride (mg L) 0.0 0.0 0.0 0.0 0.0 10.3 0.8 0.0
Chloride (mg L) 0.6 2.1 1445 5.25 0.1 42.0 0.3 0.0
Nitrate (mg L) 0.0 2.2 1.3 2.4 0.0 8.0 0.6 0.0
Phosphate (mg L™) 0.1 0.0 0.0 0.0 0.0 4.8 0.6 0.0
Sulphate (mg L) 2.3 | 1005 17.3 4.4 0.0 2.0 0.2 0.0
350 One or more water quality parameters could
300 : adversely affect aquatic life. The dose-
{ |

Waste water quality index

o

150 +

100

"]
(=]

SLS LAS DET LQD QUI SMU STR Water

= Distilled Water = Tap Water = Waste Water

WWQI 250 - 300: Excellent, 200 - 250: Good, 150- 200:
Average, 100- 150: Below average, < 100: Poor

Figure 1. WWQI of detergent samples tested

in different waters

response curves derived from fish toxicity data
are shown in Figures 2 and 3. Although the
STR and SMU exhibited a slight difference in
toxicity after 24 h of exposure, their toxicity
levels remained relatively constant as the
exposure continued, indicating that the toxins
were stable. All exposure durations produced
significant slope parameters except, SLS, QUI
and SMU. The slope parameter for SLS
became significant as the exposure duration
extended beyond 24 h.
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Figure 2. Dose-response curve of plant-based surfactants for Danio rerio for 96 h acute toxicity test
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Figure 3. Dose-response curve of synthetic detergents for Danio rerio for 96 h acute toxicity test

143



A. Waran et al.: Comparing the environmental ..., Holistic Approach Environ. 15(2025) 4, pp. 137 — 149

There was no significant difference between
the slope parameters of QUI, STR, and SMU,
although their response curves showed
different potency levels. QUI was used in a
concentration range different from that from
STR and SMU.

Despite the good WWQI, plant-based
surfactants SMU, STR and QUI were several
times more toxic than synthetic detergents
(Table 6). Literature on the physiological
effects of saponins on fishes or the route of

exposure, either oral or dermal, was not
available.

Critical micelle concentration indicates the
propensity of surfactants to assemble in the
water. The surface tension becomes constant
when CMC is reached, but the detergent
concentration must be above the CMC for
adequate cleaning. The maximum detergency
for various oils and fats is 6 to 10 times CMC
[37]. The CMC of all detergents in this study,
according to the literature, is shown in Table 7.

Table 6. Lethal concentration values (LC1o, LCso, and LCgo) for Danio rerio exposed to different
detergent samples (in mg L) for 24 - 96 h

LC valuesat 24 h LCyo Range LCso Range LCy Range
SLS 13.63 (1.5-25.74) 14.55 (10.4 - 18.7) 15.54 (10.4 - 20.7)
LAS 10.77 (5.7-15.9) 22.98 | (18.04-27.9) 49.03 (28.35 - 69.7)
DET 62.49 (43-82) 99.75 | (79.9-119.5) | 159.23 (112.6 - 205.9)
LQD 44,74 (36.8 - 52.7) 54.93 | (49.4-60.44) 67.43 (59.04 - 75.8)
QuUI 33.84 | (-68.4-136.1) 34.66 (-68-137.3) 35.49 (-70.4-141.4)
SMU 4.05 (3.57 - 4.54) 4.34 (1.67 - 7.00) 4.64 (- 0.57 - 9.85)
STR 2.75 (1.98 - 3.52) 4.2 (3.63 - 4.77) 6.41 (5.33 - 7.49)
LC valuesat48 h LCyo Range LCso Range LCqo Range
SLS 10.81 (9.1-12.6) 13.38 | (12.0-14.8) | 16.57 (14.4-18.7)
LAS 7.99 (3.22 - 12.75) 19.58 | (14.6 - 24.57) 47.99 (24.9 - 71.05)
DET 51.13 (34.9 - 67.33) 86.3 (68.3-104.3) | 145.67 (98.6 - 192.7)
LQD 44,74 (36.78 - 52.7) 54.93 | (49.4-60.44) 67.43 (59.04 - 75.8)
QUI 29.13 (21.67 - 36.6) 30.76 | (24.04 - 37.5) 32.48 (10.12 - 54.8)
SMU 3.58 (0.48 - 6.69) 3.93 (3.37 - 4.49) 4.31 (1.74 - 6.89)
STR 2.99 (2.27 - 3.71) 4.18 (3.69 - 4.68) 5.84 (5.01 - 6.68)
LC valuesat 72 h LCyo Range LCso Range LCy Range
SLS 10.81 (9.05 - 12.6) 13.38 (12.0 - 14.8) 16.57 (14.4 - 18.7)
LAS 6.57 (1.76 - 11.38) 18.44 | (13.1-23.78) 51.78 (22.2 - 81.35)
DET 51.45 (36.39 - 66.5) 82.12 | (65.84-98.4) | 131.08 (90.3-171.9)
LQD 44,74 (36.78 - 52.7) 54.93 | (49.4-60.44) 67.43 (59.04 - 75.8)
QUI 28.86 (19.17 - 38.6) 30.54 | (25.77 -35.3) 32.31 (11.5-53.09)
SMU 3.42 (-2.28 - 9.11) 3.76 (1.33-6.2) 4.15 (2.57 -5.72)
STR 3.17 (2.5-3.83) 4.19 (3.75 - 4.63) 5.54 (4.82 - 6.26)
LC valuesat 96 h LCio Range LCso Range LCy Range
SLS 10.81 (9.1 -12.58) 13.38 | (12.0-14.8) | 16.57 (14.4-18.7)
LAS 6.57 (1.76 - 11.38) 18.44 | (13.1-23.78) 51.78 (25.8 - 35.3)
DET 49.3 (35.97 - 62.6) 74.4 (60.8 -87.98) | 112.29 (77.3 - 147.3)
LQD 44,74 (36.78 - 52.7) 54.93 | (49.4-60.44) 67.43 (59.0 - 75.8)
QuUI 28.86 (19.17 - 38.6) 30.54 (25.7 - 35.3) 32.31 (22.2-81.4)
SMU 2.69 (-32.1-37.48) 2.83 (-33.35-39) 2.98 (-355-41.4)
STR 3.17 (2.5 -3.83) 4.19 (3.75 - 4.63) 5.54 (4.82 - 6.26)
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Table 7. Critical micelle concentration vs. lethal concentration of tested surfactants at 96 h

Detergent r%vl qu conlile%rgf::iézx(lﬁﬂ conlzzz\r/lvtiiit(;)rz( I((I:_T) CMC:HT | CMC:LT Source
QUI 250 35.5 (24 h LCq) 28.9 (72 h LCy) 7.04 8.65 [38]
DET 750 159.2 (24 h LCy) 49.3 (96 h LCy) 4.71 15.21 [39]
LQD 750 67.4 (24 h LCq) 44.7 (24 h LCy) 11.12 16.77 [40]
LAS 750 51.8 (72 h LCq) 6.57 (96 h LCyo) 14.47 114.16 [40]
STR 240 6.41 (24 h LCq) 2.75 (24 h LCy) 37.44 87.27 [15]
SMU 320 4.64 (24 h LCqo) 2.69 (96 h LCyo) 68.96 118.96 [15]
SLS 2400 16.6 (96 h LCq) 10.81(96 h LCao) 144.58 222.02 [41]
SMU” 2400 4.64 (24 h LCqo) 2.69 (96 h LCyo) 517.24 892.19 [15]
STR” 2400 6.41 (24 h LCq) 2.75 (24 h LCy) 374.42 872.73 [15]

" in hard water

Plant-based surfactants are far more efficient
in reducing the surface tension of water than
synthetic detergents. However, the CMC of
soapnuts is directly proportional to pH and
hardness [42], and has been found to be 2.4 g
Lt in tap water, which is on par with SLS
[15]. The minimum dilution required to
prevent mass fish kill (CMC: HT) and the
maximum dilution needed to make the
surfactant safe (CMC: LT) are mentioned.
This dilution can occur by decomposition of
the surfactant, sufficient addition of water or
adsorption of the surfactant on the substratum.
Quillaja was the least toxic to zebrafish. SMU
and LAS needed similar dilution to be safe.
DET and LQD showed low toxicity to Danio
rerio in this study, but DET was found to be
much more toxic to the freshwater fish
Heteropneustes fossilis, where the LCso for a
mixture of two commercial detergents was 9.5,
15.2 and 21.7 mg L for 48, 72 and 96 h,
respectively [43]. Because toxicity varies
among taxa, a more comprehensive approach
that includes species from multiple taxa could
determine the range of toxicity of detergents
across taxa and trophic levels. Aerobic
biodegradation of SMU and STR for 30 days
followed by fish toxicity test and ANOVA
determined the effect of the two extracts was
statistically insignificant and small (F(1, 46) =
2.89, p = 0.096; n? (partial) = 0.06, 95 % CI
[0.00, 1.00]). The interaction between species
and manipulation was also not statistically
significant and showed a medium-sized effect
(F(9, 46) = 0.76, p = 0.654; n? (partial) = 0.13,
95 % CI [0.00, 1.00]). In contrast, the effect of

manipulation was statistically significant and
large (F(9, 46) = 7.98, p < 0.001; n? (partial) =
0.61, 95 % CI [0.41, 1.00]).

The Dunnett's multiple comparisons method
examined mean differences between the
following treatment groups using the emmeans
package: C12+B,C4+B,C8+B,Cl2+B +
G, C4+B+G,C8+B+G,Cl2, C4,and C8
compared to the control group (Figure 4). Here
C denotes crude extract of soapnut (SMU or
STR) of 4, 8, and 12 mg L™ aerobically
degraded for 30 days. B and G denote bacterial
mixture and glucose. The results were
averaged across factor levels (species). C12 +
B + G (estimate = 0.167, p < 0.0001) and C12
(estimate = 1.667, p = 0.0148) resulted in
significantly higher mortality than the control

group.

C8-Control {
C4-Control 4
C1Z-Control |
C8+B+G - Control 4

C4+B+G - Control <

Contrast

C12+B+G - Control -

C8+B - Control -

C4+B - Control 4

C12+B - Control 1

0 2 4

Figure 4. Dunnett's multiple comparisons:
treatment effects vs. control (C: crude extract
of soapnut of 4, 8, and 12 mg L™, aerobically
degraded for 30 days. B: bacterial mixture, G:

glucose. Bands and arrows represent 95 %

confidence limit and comparisons)
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None of the other treatments showed
statistically significant differences (p > 0.05),
indicating that their effects were similar to
those of the control group. These results
suggest that aerobic treatment using microbial
consortia could neutralise saponins three times
more efficiently than natural biodegradation.
However, glucose (or an alternative food
source) prevents microbes from actively
degrading saponins, suggesting that microbes
prefer to avoid saponins as a food source.

CONCLUSION

Physicochemical properties alone are not
sufficient to decide on the suitability of
wastewater  for discharge. The tested
wastewater from all surfactants was of
acceptable quality, but the acute toxicity test
confirmed that soapnuts, SLS and LAS were
more toxic to Danio rerio than other
detergents. Modern laundry detergents and
Quillaja have proven to be environmentally
safe and less toxic. Soapnuts can be considered
as suitable precursors for plant-based
detergents only if the toxicity of their effluent
is neutralised through aerobic treatment.
Future studies could evaluate combinations of
different sources of natural detergents for
efficacy and toxicity to arrive at the most
environmentally friendly alternative to laundry
detergent.
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