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Abstract Palm fatty acid distillate (PFAD) is the by-pro-

duct obtained during physical refining of crude palm oil,

which mainly consists of free fatty acids along with minor

amounts of glycerides, bioactive compounds such as

tocopherols, tocotrienols, phytosterols, squalene, other

hydrocarbons. In the present work, an eco-friendly alkyd

resin was prepared using sustainable feedstock such as

PFAD along with rosin. The various physico-chemical

properties of PFAD-based alkyd resin (PFAD-AR) such as

acid value, saponification value, viscosity and volatile

matter were determined and compared to palm oil based

alkyd resin (PO-AR). The structural properties of the alkyd

resins were investigated using Fourier transform infrared

(FTIR) and proton nuclear magnetic resonance (1H NMR)

spectroscopic techniques. The study presents the utilization

of PFAD-based alkyd resin with sodium lauryl sulfate

(SLS) and sodium lauryl ether sulfate (SLES) in the liquid

detergent formulation. The performance properties of the

PFAD-based alkyd resin liquid detergent formulations such

as surface tension, wetting power and detergency were

comparable with palm oil based alkyd resin liquid deter-

gent formulations and with commercial liquid detergent

(CLD). Surface tensions of liquid detergent formulations

varied from 20 to 30 mN/m with decrease in concentration.

The foaming properties of alkyd resin based liquid deter-

gents are reduced with the increase in the amount of alkyd

resin polymer in the formulations. Therefore, it has

potential application as a foam reducer in detergent for

washing machines.

Keywords Palm fatty acid distillate � Alkyd resin � Rosin �
Polymeric surfactant � Liquid detergent

Abbreviations

AOS Alpha olefin sulfonate

CLD Commercial liquid detergent

FTIR Fourier transform infrared
1H NMR Proton nuclear magnetic resonance

LABS Linear alkyl benzene sulfonate

MTO Mineral turpentine oil

PFAD Palm fatty acid distillate

PFAD-AR PFAD-based alkyd resin

PO-AR Palm oil based alkyd resin

PVA Polyvinyl alcohol

SFT Surface tension

SLES Sodium lauryl ether sulfate

SLS Sodium lauryl sulfate

Introduction

Industrial waste or by-product management is one of the

environmental challenges faced by many scientist, tech-

nologists and R & D personnel. Some by-products of low

commercial value are produced during the refining pro-

cesses of vegetable oil [1, 2]. Important amount of by-

products such as phospholipids, soapstocks, acid oil and

fatty acid distillates are obtained during the oil refining

processes which are harmful to the environment if they

cannot be used for any valuable or industrial activity. As a

result of the rising world population, the use of refined

vegetable oil has increased, which results in an increase in
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the production of by-products [3]. The vegetable oil

industry is gradually looking into the value addition of the

by-products of the oil processing industry. Therefore,

researchers and technologists are slowly attempting to

explore the utilization of the by-products of the veg-

etable oil industry, which will not only enhance the effi-

ciency and productivity but also reduce waste in terms of

environmental concern.

Detergent consists of chemical agents, which provide

cleaning performance by the removal of soil from the

surface and by the dispersion of soil in washing liquid.

New formulations have been developed which possess

better flexibility, improved performance, cost-efficiency

and compatibility with the environment [4]. In the formu-

lation of detergent, generally mixtures of surfactants, rather

than individual surfactants, are employed to improve the

performance properties of the final product [5]. Polymeric

additives and surfactants have been used in detergent for-

mulations for over 25 years [6].

India has a large number of alkyd resin production

plants, which are used to supply surface coating industries.

Alkyd resins are polyesters synthesized by polycondensa-

tion reaction of fatty oils or fatty acids, dibasic acids and

polyols [7]. Oils such as soya bean oil, palm oil, castor oil,

linseed oil, sunflower oil, coconut oil, tobacco seed oil,

nahar seed oil, rubber seed oil, karanja oil, karawila seed

oil, jatropha seed oil and African locust bean seed oil were

used as potential sources for alkyd resin synthesis in

coating industries [8]. The per capita consumption of

detergents is higher than that consumed by the surface

coating industry, therefore alkyd resins could conceivably

be utilized for preparation of liquid detergent.

Polymeric surfactants are used as an additive to replace

polyphosphates in eco-friendly detergents. Starch and sor-

bitol-based polymers have been used in liquid and powder

detergent [9, 10]. Generally petroleum-based active sub-

stances such as linear alkyl benzene sulfonate (LABS) and

alpha olefin sulfonate (AOS) are used in heavy and light

duty liquid detergent formulations [11]. Rosinated alkyd

resins have been synthesized from soybean oil. By-prod-

ucts of oil processing such as oil recovered from spent

bleaching earth and acid oil have also used to synthesize

alkyd resin, which were used in liquid detergent formula-

tion [12–14]. Effective formulatory trials are required to

achieve readily biodegradable, cost-effective and environ-

mentally friendly polymeric surfactants from renewable

vegetable resources. Not much work has been carried out

using by-products of vegetable oil refinery as an alternative

and inexpensive raw material in alkyd resin synthesis for

use in liquid detergents.

Palm oil is one of the edible oils. Refined, bleached and

deodorized (RBD) palm oil is obtained by physical refining

of crude palm oil. Palm fatty acid distillate (PFAD) is one

of the by-products obtained during physical refining of

crude palm oil. PFAD mainly comprises free fatty acids

with minor amounts of glycerides, bioactive compounds

such as tocopherols, tocotrienols, phytosterols, squalene

and other hydrocarbons [15]. Generally PFAD is used as a

free fatty acid source for non-food industries mainly the

oleochemical, soap and animal feed industries [16]. PFAD

is also esterified and used in biodiesel production [17–19].

The cost of PFAD is lower than palm oil. The present work

investigates the utilization of PFAD for the synthesis of

rosinated alkyd resins. For comparative study, this cost-

effective PFAD-based alkyd resin (PFAD-AR) was also

synthesized using palm oil (PO-AR). The structure of the

resulting alkyd resins was elucidated by FTIR and 1H NMR

spectroscopy. In liquid detergent formulation, alkyd resins

act as polymeric surfactant along with sodium lauryl sul-

fate (SLS) and sodium lauryl ether sulfate (SLES) which

were used as highly effective and inexpensive anionic

surfactants. SLS and SLES were used with alkyd resins in

liquid detergent because they have good wetting and

foaming properties which are very effective in removing

oil and dirt from cloths and surfaces. Therefore, the per-

formance properties such as surface tension, foamability,

wetting capacity and detergency of PFAD-AR-based liquid

detergent formulations were compared with PO-AR-based

liquid detergent formulations and commercial liquid

detergent.

Experimental Methods

Materials

All materials used in this study were obtained from the

stated suppliers and used without any further treatment.

PFAD and palm oil were obtained as gift samples from M/s

Godrej Industries Ltd., Mumbai, India. Glycerine, sodium

hydrogen sulfate, sodium hydrogen sulfite, benzoic acid,

maleic anhydride, phthalic anhydride, sorbitol, EDTA,

urea, sodium hydroxide, sodium carbonate and polyvinyl

alcohol (PVA) were of laboratory grade, obtained from

Thomas Baker. Other solvents such as methanol, ethanol,

toluene and xylene were received as commercial solvents.

Mineral turpentine oil (MTO, a mixture of saturated ali-

phatic and alicyclic C7–C12 hydrocarbons with a maximum

content of 25% of C7–C12 alkyl aromatic hydrocarbons)

used as solvent was procured from M/s Deep Enterprises,

Mumbai. Commercial surfactants such as sodium lauryl

sulfate (SLS) and sodium lauryl ether sulfate (SLES) were

obtained as gift samples from M/s Godrej Industries Ltd.,

Mumbai, India.
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Synthesis of Alkyd Resin From PFAD and Palm Oil

A two-stage alcoholysis–polyesterification process was

used to synthesize alkyd resins. Two reactions were carried

out separately, one with PFAD and the other with palm oil

as fatty raw materials. The reaction was carried out in a 1-L

four-necked round-bottom flask equipped with a ther-

mometer, mechanical stirrer, nitrogen gas inlet and Dean–

Stark apparatus with a reflux condenser. The flask was

charged with 13.3 g of PFAD or palm oil and 12.7 g of

glycerol. A catalytic amount of sodium hydrogen sulfate

(0.5 g) and sodium hydrogen sulfite (1.5 g) were added at

230 �C (±5 �C) with continuous stirring under nitrogen

atmosphere for 60 min until monoglyceride formation was

confirmed by methanol solubility test: one part of the resin

was mixed with three parts of methanol, and complete

solubility of the resin in methanol indicates the formation

of monoglyceride [20]. Then the reaction mixture was

cooled to 120 �C and 10.5 g of phthalic anhydride and 2 g

of maleic anhydride in finely divided form were added

along with excess glycerol (27%w/w), 2 g of benzoic acid

and 30 g of rosin. The flask was charged with xylene (5%

v/w on raw materials) as reflux solvent. The reaction

temperature was then raised to 230 �C (±5 �C) and the

heating was continued until it reached an acid value in the

range of 35–40 mg KOH/g. The acid value of the reaction

mixture was measured by taking aliquots of samples after

every 0.5-h interval. The resin was diluted by adding

mineral turpentine oil (50% w/w of alkyd resin) and the

viscosity was examined [13]. Synthesized alkyd resins

were melted and cooled to 80 �C and subsequently neu-

tralized with the required amount of 30% NaOH with

continuous stirring [13].

Preparation of Detergent Formulation

Different liquid detergent formulations were prepared

using different concentrations of neutralized PFAD-AR

and PO-AR. The details of the ingredients are listed in

Table 1. Detergent samples were prepared using alkyd

resins along with SLS, SLES, PVA, sorbitol, urea, EDTA,

sodium hydroxide, sodium carbonate and distilled water,

and prepared formulations were stirred for 30 min at room

temperature [12]. Clear solutions of liquid detergents were

obtained and analysed by using detergent tests in com-

parison with commercially available Surf Excel liquid

detergent (CLD) [21].

Instrumental Measurements

Physico-chemical properties of PFAD and palm oil such as

the acid value (ASTM D974), saponification value (ASTM

D5558-95), free fatty acid content (ASTM D5555), iodine

value (ASTM D5554-15), unsaponifiable matter (ASTM

D1965-87) and moisture content (ASTM D4928) were

determined according to ASTM standard methods.

Physico-chemical properties of the alkyd resins such as

acid value (ASTM D1639-96), saponification value, vis-

cosity, volatile matter and specific gravity (ASTM D1475-

08) were also determined.

The fatty acid compositions of PFAD and palm oil were

determined using a gas chromatograph (Chemito 1000,

Thermo Scientific, Nasik, India.) equipped with a flame

ionization detector. Analysis was carried out on a BPX-5

column (30 m length, 0.25 mm i.d.) under the following

temperature program and conditions: solvent, hexane;

sample concentration, 1%; amount of sample injected,

1 lL; 100 �C for 2 min; from 100 to 200 �C at 10 �C/min;

at 200 �C for 1 min; from 200 to 300 �C at 10 �C/min; at

300 �C for 20 min; injector temperature at 260 �C; flame

ionization detector temperature at 290 �C with nitrogen as

the carrier gas at a flow rate of 0.8 mL/min; split ratio of

1:50.

Characteristic FTIR spectra of the PFAD, palm oil and

synthesized alkyd resins were evaluated by Shimadzu IR

affinity–1S FTIR spectrometer using an ATR sampling

accessory.
1H NMR spectra of the PFAD, palm oil and alkyd resins

were recorded in CDCl3 at 300 MHz using a Bruker

Advance II 400 NMR spectrometer.

Surface Tension Measurements

The surface tension for different concentrations of solution

(0.1%, 0.25%, 0.5%) of liquid detergent samples were

measured at 25 �C using a Krüss K-100 tensiometer with

standard platinum plate (PL O3) as a probe [22]. All the

surface tension values are the averages of the three

measurements.

Foamability

Foaming power was measured by using a Ross & Miles

apparatus for different concentrations of solution (0.1%,

0.25%, 0.5%) of liquid detergent samples [23]. For each

sample solution, the experiment was repeated three times

and the mean value of three of the results was calculated.

Wetting Power

The wetting test of the liquid detergent formulations was

determined by the canvas disc method [24]. The solutions

of liquid detergent formulations of different concentrations

(0.1%, 0.25%, 0.5%) were prepared. In this method,

500 mL of the solution was kept in a 600-mL beaker. A

circular piece of canvas disc was placed in a funnel and
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was held in an inverted position in the beaker. The canvas

disc was allowed to sink to the bottom of the beaker

through the detergent solution. The wetting power was

determined as the time interval Dt = t-t0, where t0 is the

time of release and t is the time required for the disc to sink

to the bottom. The smaller the Dt was, the better the wet-

ting was.

Detergency Test

Coconut oil (35.8 g) was slowly added to a mixture of

carbon black (28.4 g), lauric acid (17.9 g) and mineral oil

(17.9 g) in a pestle and mortar to form a thick paste. All the

components were ground in the pestle and mortar for 1–2 h

till a finely ground mixture was obtained as indicated by

the smooth feel of the paste medium. The soil solution was

prepared by adding 2 g of this paste to 500 mL of carbon

tetrachloride and used for soiling of cloths [12, 13]. White

cotton fabrics (10 9 10 cm) were immersed in this soil

solution for 10 min [12]. The soiled fabrics were then dried

overnight in a drying oven (temperature 50 �C).
The washing was done using a Terg-O-Tometer

(Wadegati Labequip Private Limited) equipped with a

controlled temperature bath system as follows: speed,

100 rpm; water hardness, 250 ppm; washing detergent

solution, 1000 mL; washing time, 15 min; rinsing time,

10 min; temperature, 50 �C; each liquid detergent formu-

lation with 0.1%, 0.25%, 0.5% concentrations were used

for washing. The commercial liquid detergent with same

concentrations was also used for washing [12–14]. Soil

removal from the washed fabrics was determined by

reflectance measurement (Premier Colorscan Instrument).

After washing, the detergency (%) was calculated using the

formula

Detergency % ¼ ðRw� RsÞ � 100=ðRo� RsÞ ð1Þ

where Rw, Rs, and Ro are the reflectance measured on

washed fabrics, soiled fabrics (before washing) and

unsoiled fabrics, respectively.

Results and Discussion

Physico-Chemical Properties of PFAD and Palm Oil

The comparison of physico-chemical properties of the

PFAD and palm oil are listed in Table 2. As a result of the

presence of higher amounts of free fatty acids in PFAD as

compared to palm oil, PFAD has a higher acid value than

palm oil. Both fatty raw materials have low iodine values,

which indicates the presence of a low degree of unsatura-

tion, and therefore they show non-drying nature. The fatty

acid compositions of PFAD and palm oil are given in

Table 3. Both contain large amounts of palmitic acid and

oleic acid followed by other constituents such as stearic,

linoleic, myristic and linolenic acid.

Synthesis of PFAD-AR and PO-AR

PFAD-AR and PO-AR were prepared according to the

general alcoholysis–polyesterification reaction. In this

reaction, nitrogen gas was applied as the inert blanket and

xylene was used to remove water produced during con-

densation. Maleic anhydride helps to enhance the degree of

cross-linking and benzoic acid acts as chain-terminating

agent to prevent gel formation. Rosin which consists of

resinous acids (mainly abietic acid) is used to aid the

progress of the polymerization reaction without gelation

Table 1 Composition of liquid

detergent formulation (%wt.)
Ingredients LD0

b LD1
c LD2 LD3 LD4 LD5 LD6

d

SLS 8 7 6 5 4 3 0

SLES 5.5696 5.5696 5.5696 5.5696 5.5696 5.5696 0

Alkyd resina 0 1 2 3 4 5 5

Sorbitol 5.6 5.6 5.6 5.6 5.6 5.6 5.6

Urea 3 3 3 3 3 3 3

EDTA 0.5 0.5 0.5 0.5 0.5 0.5 0.5

PVA 1 1 1 1 1 1 1

Water 76.2106 76.0908 75.8312 75.6116 75.3305 75.1324 83.702

NaOH 0.0599 0.1198 0.2396 0.3594 0.4999 0.5990 0.5990

Na2CO3 0.0599 0.1198 0.2396 0.3594 0.4999 0.5990 0.5990

a Alkyd resin stands for neutralized PFAD-based alkyd resin (PFAD-AR) and palm oil based alkyd resin

(PO-AR) used individually in formulations
b LD0 stands for liquid detergent formulation without neutralized alkyd resin
c LD stands for liquid detergent formulation. Number indicates the % wt. of the alkyd resin
d LD6 stands for liquid detergent formulation without SLS and SLES, with 5% wt. neutralized alkyd resin
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and water dispersibility [13]. The reaction was monitored

by acid value as shown in Fig. 1. As the reaction pro-

gresses, the initial decrease in acid value was more rapid

than during the later stages of the reaction. The reactions

were carried out until the acid value was in the range of

35–40 mg KOH/g.

Physico-Chemical Properties of PFAD-AR and PO-

AR

As shown in Table 4, the physico-chemical properties of

PFAD-AR such as acid value, saponification value, vis-

cosity, volatile matter, moisture content, specific gravity

and physical appearance were similar to those of PO-AR,

which were determined by ASTM standard methods [25].

In this reaction, the initial decrease in acid value was more

rapid than during the later stages of the reaction, which

indicates the beginning of formation of a three-dimensional

network as a result of cross-linking of alkyd resin [26].

Characterization and Evaluation of Alkyd Resins

PFAD, palm oil, PFAD-AR and PO-AR were characterized

by FTIR and 1H NMR spectroscopic analysis. The FTIR

spectra of the PFAD and palm oil are shown in Fig. 2. Both

spectra show very similar absorbance; however, they

revealed slight differences in terms of absorption bands,

especially at 1707 cm-1 (a) and 1745 cm-1 (b) owing to

the different nature of PFAD and palm oil. In the FTIR

spectra of the PFAD and of palm oil, characteristic peaks

are found at 3005 cm-1 due to cis double bond stretching

vibration and at 2851–2925 cm-1 due to aliphatic C–H

stretching vibration. Peaks for bending vibrations of -CH2

and -CH3 aliphatic group appears at 1462 cm-1. Also

peaks at 1290–1090 cm-1 correspond to C–O–C stretching

vibration of ester and that at 723 cm-1 correspond to the

overlapping of the methylene rocking vibration. Figure 3

shows the FTIR spectra of the synthesized PFAD-AR and

PO-AR which indicate the presence of an ester group,

olefinic double bonds and other important linkages. For

PFAD, the peak for C=O appears at 1707 cm-1, whereas in

the case of PFAD-AR, it appears at 1730 cm-1; similar

results were observed for PO-AR. Table 5 summarizes the

characteristic peaks of alkyd resin and the corresponding

functional groups responsible for IR absorption.
1H NMR spectra of the PFAD and palm oil have similar

characteristic peaks which are shown in Figs. 4 and 5,

respectively. The peaks at 0.81–0.89 ppm are due to the

protons of a terminal methyl group. For all the protons of

internal –CH2– groups present in the fatty acid chain, peaks

appear at 1.2–1.31 ppm. Characteristic peaks at

1.5–1.63 ppm correspond to the protons of –CH2– groups

adjacent to the aforementioned terminal methyl group and

at 2.7–2.8 ppm for –CH2 of double allylic protons. Char-

acteristic peaks at 1.9–2.1 ppm are for allylic protons of –

CH2 and at 2.28–2.35 ppm for a-protons of ester groups.
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Fig. 1 Plot of acid value vs time for PFAD-AR and PO-AR

Table 2 Physico-chemical

properties of PFAD and palm

oil

Properties PFAD Palm oil

Acid value (mg KOH/g) 186.46 ± 0.67 0.52 ± 0.23

Saponification value (mg KOH/g) 199.8 ± 0.9 205.40 ± 0.49

Free fatty acid (%) 84.87 ± 0.96 0.24 ± 0.05

Iodine value (g I2/100 g) 55.30 ± 0.18 53.03 ± 0.16

Unsaponifiable matter (%) 1.60 ± 0.09 1.033 ± 0.04

Moisture content (%) 0.08 ± 0.01 0.02 ± 0.01

Specific gravity at 28 �C (g/cm3) 0.980 ± 0.07 0.916 ± 0.05

Physical appearance Light brown semi-solid Light yellow liquid

Table 3 Fatty acid composition of PFAD and palm oil

Type of fatty acid PFAD (%w/w) Palm oil (%w/w)

Palmitic acid 47.7 ± 0.2 48.1 ± 0.4

Oleic acid 36.5 ± 0.96 37 ± 0.3

Linoleic acid 9.6 ± 0.64 9.08 ± 0.6

Stearic acid 4.4 ± 0.18 4.23 ± 0.9

Myristic acid 1.2 ± 0.01 1.16 ± 0.05

Others 0.6 ± 0.07 0.43 ± 0.01
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Characteristic peaks at 4.14–4.3 ppm are for protons of the

glyceride moiety. For the olefinic protons of the –CH=CH–

moiety, the characteristic peaks appear at 5.3–5.4 ppm

[27].
1H NMR spectra of PFAD-AR and PO-AR have similar

characteristic peaks which are shown in Figs. 6 and 7,

respectively. As a result of the deshielding effect of the

anhydride group possessing one unsaturation unit (MA) or

aromatic ring (PA), the protons for –CH– of the glycerol

moiety appear at 6.7–6.9 ppm for alkyd resins which are

absent in the 1H NMR spectrum of the PFAD. The PFAD-

AR and PO-AR show aromatic protons of phthalic anhy-

dride at 7.1–7.9 ppm which are absent in the PFAD spec-

trum [27].

Fig. 2 FTIR spectra of a PFAD

and b palm oil

Fig. 3 FTIR spectra of a

PFAD-AR and b PO-AR

Table 4 Physico-chemical properties of alkyd resins

Properties PFAD-based alkyd resin (PFAD-AR) Palm oil based alkyd resin (PO-AR)

Acid value (mg KOH/g) 38.6 ± 0.4 39.2 ± 0.8

Saponification value (mg KOH/g) 294 ± 0.8 298 ± 0.2

Viscosity at 25 �C (cP) 488 ± 0.23 496 ± 0.76

Volatile matter (%) 2.07 ± 0.2 2.18 ± 0.2

Moisture content (%) 0.11 ± 0.09 0.15 ± 0.04

Specific gravity at 28 �C (g/cm3) 0.934 ± 0.2 0.951 ± 0.5

Physical appearance Dark brown transparent Dark brown transparent
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Liquid Detergent Formulation

Synthesized PFAD-AR and PO-AR were neutralized with

30% NaOH solution to produce slightly alkaline polymer.

Because of the low cost of PFAD, synthesized PFAD-AR

was used in liquid detergent formulations and compared

with PO-AR-based liquid detergent formulation. Liquid

detergent based on different combinations of SLS and the

synthesized neutralized alkyd resin were formulated

(Table 1). In association with SLS and SLES, PFAD-AR

and PO-AR were used as polymeric surfactants in liquid

detergent formulations. In combination with alkyd resin,

SLS and SLES were used as highly efficient and economical

anionic surfactants to enhance the cleaning performance of

the detergent. SLES and SLS are widely used as wetting and

foaming agents in detergent which can aid the remove oil

and dirt from fabrics and surfaces. PVA was used as an anti-

redeposition agent and EDTA was used as water softener or

a preservative. Urea was used as a hydrotrope to prevent gel

formation in the liquid detergent formulary. Sodium car-

bonate and sodium hydroxide were used as alkali to main-

tain the pH. All the prepared PFAD-AR and PO-AR-based

liquid detergent formulations were evaluated for surfactant

properties, foamability, wetting power, percentage deter-

gency and compared with a commercial liquid detergent

(CLD) as given in Tables 6, 7 and 8.

Surface Tension Measurements

The study of the influence of the alkyd resin along with

SLES/SLS showed reduction in surface tension of water.

Surface tension of PFAD-AR-based liquid detergent

decreases as a result of the adsorption of polymer–surfac-

tant complex at the air–water interface. The results in

Tables 6, 7 and 8 show that the surface tension of PFAD-

AR-based liquid detergent decreases with increase in

concentration of alkyd resin as compared to PO-AR-based

liquid detergent formulation where LD4 and LD5 show

better surface tension reduction than CLD. LD5 also

Fig. 4 1H NMR spectrum of

PFAD

Table 5 Characteristic peaks in FTIR spectra of alkyd resins

Peaks (cm-1) Functional groups

3491 O–H stretching vibration

3001.16 Olefinic C–H stretching vibration

2852.72–2924.09 CH2 symmetric and asymmetric

stretching vibration

1730 C=O stretching vibration of ester

1538–1599 C=C stretching frequency of alkene

and aromatic band

1377–1452 Symmetric and asymmetric bending

of methyl groups

1068–1267 C–O–C stretching vibrations

attached with aliphatic and

aromatic moiety

709.80–742.6 Out-of-plane aromatic C–H bending

vibration
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showed a decrease in surface tension as compared to LD6,

owing to the absence of both SLS and SLES in the for-

mulation. Therefore, the presence of SLES/SLS with

higher amounts of alkyd resin increases surface active

properties of liquid detergent.

Foamability

Dispersion of gas bubbles in liquid or solid phase is known

as foam. Dynamic foam formation was assessed by the

Ross–Miles technique in which foam height was measured

Fig. 5 1H NMR spectrum of

palm oil

Fig. 6 1H NMR spectrum of

PFAD-AR
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with respect to time for 20 min at 5-min intervals. Gen-

erally foam height for surfactants increases gradually as a

function of concentration. Data on foamability is presented

in Tables 6, 7 and 8 for the three different concentrations

(0.1%, 0.25%, 0.5%) of PFAD-AR-based liquid detergents

which were compared with PO-AR-based liquid detergents

and CLD. As the concentration of alkyd resin increases, the

foamability of the solutions decreases abruptly. All PFAD-

AR and PO-AR-based liquid detergents at different con-

centration show similar foaming characteristics as com-

pared to LD0 and CLD. LD4 and LD5 of PFAD-AR-based

liquid detergent formulation at 0.1%, 0.25% and 0.5%

concentration generated less foam than LD1, LD2 and LD3

formulations. Thus, the alkyd resin concentration plays an

important role in the foamability of the solutions. The

polymer alkyd resin addition at the air–liquid interface

and the formation of the polymer–surfactant complexes

could give rise to a reduction in foamability [28].

Therefore, PFAD-AR acts as a polymeric surfactant that

can be used as a foam reducer in liquid detergent. These

low foaming characteristics suggest that PFAD-AR-based

liquid detergent may be used in the washing machine

laundry applications because laundry washing requires

low foam.

Wetting Power

Wetting results from intermolecular interactions when

liquid and solid surfaces are in contact. The wetting

capacity of the PFAD-AR and PO-AR-based liquid deter-

gent formulations were compared with the standard CLD

as shown in Tables 6, 7 and 8. SLS and SLES are good

wetting agents. Wetting power in liquid detergent was

enhanced owing to the presence of higher amounts of alkyd

resin along with SLS/SLES. The higher the concentration

of the formulation is, the better the wetting power is.

Therefore, LD5 and LD4 of PFAD-AR-based liquid deter-

gent formulations showed better wetting power than other

formulations. Wetting power of LD6 was lower than LD5

because LD6 contained alkyd resin only without SLS/

SLES. Wetting capacity of liquid detergent also determines

the efficiency of a detergent solution in soil removal [29].

Detergency

Detergency is the removal of an unwanted soiled liquid

or solid substance from a solid surface when a solid

surface is brought into contact with a liquid [30]. The

cleaning performance (detergency) of different liquid

detergent formulations is given in Figs. 8, 9 and 10. As

shown in Table 9, the results of detergency of PFAD-

AR liquid detergent formulations were comparable with

those of CLD and PO-AR-based liquid detergent for-

mulations at 0.1, 0.25 and 0.5% concentration. LD5 and

LD4 show better percentage detergency as compared to

LD1, LD2, LD3 and LD6 of PFAD-AR-based liquid

detergent formulations. In this study, presence of alkyd

resin along with SLS/SLES not only enhances the

Fig. 7 1H NMR spectrum of

PO-AR
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cleaning power but also increases the efficiency of

detergents which helps in soil removal. As a result of the

reduction of surface tension, better wetting and low

foaming properties, the detergency of LD4 and LD5 was

higher than that of LD6 and CLD. In liquid detergent

formulations, alkyd resin polymer which was synthe-

sized from PFAD was used as a polymeric surfactant.

Therefore, liquid detergents formulated by using PFAD-

AR are biodegradable, environmentally friendly and

cost-effective as compared to CLD.

Conclusion

In this study, PFAD, a sustainable, low-cost and eco-

friendly by-product of palm oil refining, was utilized in the

synthesis of alkyd resin with rosin as a polymeric surfac-

tant in order to access the feasibility of its application in

liquid detergent formulation. In liquid detergent formula-

tion the synthesized PFAD-based alkyd resin was used as

an active agent in association with SLS. The results of the

Table 8 Surface active, foaming and wetting properties at 0.5% concentration of detergent in water

PFAD-AR-based liquid detergent formulation

LD1 LD2 LD3 LD4 LD5 LD6

SFT (mN/m) 22.1 ± 0.3 21.8 ± 0.5 21.3 ± 0.8 20.6 ± 0.7 20.2 ± 0.2 28.3 ± 0.5

Wetting (s) 11 ± 0.7 10 ± 0.4 9.5 ± 0.5 9 ± 0.2 8 ± 0.4 18 ± 0.5

Foaming (cm)

0 min 12.5 12 11.5 11 10.5 8.5

5 min 12.5 12 11 11 10 8

10 min 12 11.5 10.5 10.5 9.5 7.5

15 min 11.5 11 10.5 10.5 9.5 7

20 min 11.5 11 10.5 10 9.5 7

PO-AR-based liquid detergent formulation LD0 Commercial

liquid detergent

CLDLD1 LD2 LD3 LD4 LD5 LD6

SFT (mN/m) 25.8 ± 0.8 25.1 ± 0.4 24.5 ± 0.3 23.8 ± 0.5 22.1 ± 0.1 29.6 ± 0.6 33.5 ± 0.9 21.6 ± 0.4

Wetting (s) 13 ± 0.8 12.5 ± 0.9 12 ± 0.8 11.5 ± 0.5 11 ± 0.4 22 ± 0.7 98 ± 0.4 9 ± 0.2

Foaming (cm)

0 min 15 14 13 12.5 12 10.5 27 19.5

5 min 15 14 13 12.5 12 10 26 19.5

10 min 14.5 14 12.5 12 11.5 9.5 26 19.25

15 min 14 13.5 12.5 12 11 9.25 25.5 18.5

20 min 14 13 12 11.5 11 9 25.5 18.5
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performance properties of the PFAD-AR-based liquid

detergent were comparable to those of the PO-AR-based

liquid detergent and commercial liquid detergent. In

PFAD-AR-based liquid detergent formulation, LD5 and

LD4 showed low foaming properties, effective reduction in

surface tension, better detergency and wetting power as

compared to LD1, LD2 and LD3. Owing to low foaming

characteristics, PFAD-AR-based liquid detergent can be

commercially employed as an ingredient for washing

machine laundry which is cost-effective, biodegradable and

eco-friendly.
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