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Extraction, characterization and application of malva nut
gum in water treatment
Y. C. Ho, I. Norli, Abbas F. M. Alkarkhi and N. Morad

ABSTRACT
In view of green developments in water treatment, plant-based ﬂocculants have become the focus
due to their safety, degradation and renewable properties. In addition, cost and energy-saving
processes are preferable. In this study, malva nut gum (MNG), a new plant-based ﬂocculant, and its
composite with Fe in water treatment using single mode mixing are demonstrated. The result
presents a simpliﬁed extraction of the MNG process. MNG has a high molecular weight of 2.3 × 105
kDa and a high negative charge of 58.7 mV. From the results, it is a strong anionic ﬂocculant.
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Moreover, it is observed to have a branch-like surface structure. Therefore, it conforms to the surface
of particles well and exhibits good performance in water treatment. In water treatment, the Fe-MNG
composite treats water at pH 3.01 and requires a low concentration of Fe and MNG of 0.08 and
0.06 mg/L, respectively, when added to the system. It is concluded that for a single-stage ﬂocculation
process, physico-chemical properties such as molecular weight, charge of polymer, surface
morphology, pH, concentration of cation and concentration of biopolymeric ﬂocculant affect the
ﬂocculating performance.
Key words
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ABBREVIATIONS
MNG malva nut gum

shelter for pathogens that could cause water-borne disease

PAM polyacrylamide

outbreaks and decrease the concentration of dissolved

RSM

oxygen in water. Moreover, the solids in water may cause

response surface methodology

problems during the water treatment process (Bratby
; Metcalf et al. ). Therefore, in water treatment, it

INTRODUCTION

is a challenge to treat turbid water. Furthermore, the
trend is moving forward to conserve energy in water and

Water and toxic generation and dispersion are examples of

wastewater treatment plants. Therefore, there is a need to

major challenges in the sustainability of our planet, where

look into energy-saving processes. In a treatment plant,

30% of the world’s population will face a water shortage by

the coagulation–ﬂocculation process is a common and

2050 and the generation and release of toxic substances

essential treatment process for solid–liquid separation

into air, water and soil are current global issues. Further-

(Ching et al. ). Flocculation of raw water is essential

more, people have a high expectation of a good water

to afﬁrm good water quality goals (Hurst et al. ). How-

quality supply (Hurst et al. ). Silt, surface runoff,

ever, high turbidity water cannot be treated solely by the

waste discharge, erosion from river banks, excessive algal

addition of coagulants such as alum, ferric sulphate or

growth and stir-up from bottom sediments cause turbidity

lime. Often, a coagulant aid or ﬂocculant is added into

in water (EPA ). Turbidity in water provides food and

water treatment.
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METHODS

ﬂocculant would be a vital and viable alternative in water
and wastewater treatment. Moreover, research into renew-

Preparation of MNG

able resources has increased greatly over the past 10 years
(Kerton et al. ). Undoubtedly, plant-based polymers

There are a few methods for MNG extraction and there are pros

exhibit the capability to treat industrial wastewater (Car-

and cons for the different methods. Wu et al. () used Soxh-

pinteyro-Urban et al. ). In this study, a new plant-

let apparatus with petroleum ether (30–60 C) for 5 h, 80%

based natural polysaccharide ﬂocculant is extracted as a

ethanol reﬂux, hot water extraction (65 C) and ethanol

green material which possesses sustainable properties like

precipitation. Srichamroen & Chavasit () ground malva

W

W

abundance, cost efﬁciency and sustainability. It is extracted

nuts into powder and used alkaline extraction followed by etha-

from the malva nut and referred to as malva nut gum

nol precipitation and freezing at 20 C. The application of

(MNG).

various chemical media and procedures for extraction and

W

high energy consumption to prepare MNG is not preferable
Use of a natural resource

in the application of water and wastewater treatment plants.
Therefore, in this study, a green production of MNG was

MNG is extracted from the malva nut, the seed of the

slightly

Scaphium scaphigerum tree. One malva nut tree has the

Somboonpanyakul et al. (), as given in Figure 1. The

modiﬁed

from

the

alkaline

potential to yield up to 40 kg of fruit annually. It produces small glabrous brown-skinned fruit during the dry
season from early March to late April (Baird & Dearden
). MNG contains a high molecular weight uronic
acid. From Fourier transform infrared results, MNG consists of carboxyl (COO) and esteriﬁed (COO–R) carboxyl
groups. Furthermore, alkaline-extracted MNG has a similar monosaccharide composition to arabic gum and
ﬂaxseed gum, which are both plant-based ﬂocculants
(Somboonpanyakul et al. ). In addition, it is a plant
native to Malaysia, and

it is preferable that naturally

renewable ﬂocculants are locally grown, as they will be
more economical (Kawamura ). In contrast to natural
ﬂocculants, the price of polyacrylamide (PAM), which is
commonly used in water and wastewater treatment
plants, is expected to increase over time due to the
depletion in natural gas supplies (Piazza et al. ).
Therefore, renewable materials need to be discovered in
order to contribute to scientiﬁc knowledge and also
their behaviour in water treatment. The signiﬁcance in
this study is the capability of a new plant-based ﬂocculant
in treating water and the physico-chemical properties
which lead to water treatment plant design. The objectives in this study include: (1) to prepare MNG, (2) to
characterize MNG, and (3) to determine the physicochemical parameters in their contribution to water
treatment.
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beneﬁts of this extraction process include: (1) only one extrac-

vacuum conditions with a thin layer of gold (around

tion medium is in use, (2) air-dried extracted MNG saves costs

20 nm) in a Sputter Coater Polar SC515 FISONS.

incurred on the energy consumed and the purchase of equipment, and (3) the ratio of nut to volume of alkaline medium

Assay of turbidity reduction

is indicated based on the preliminary extraction process carried
out to keep the yield to an optimum and, at the same time,

Flocculator (Velp Scientiﬁca type FC6S) was used to study the

reduce the volume of extraction medium used. The extraction

turbidity in water treatment. Synthetic turbid water was pre-

process uses chemicals purchased from Qrëc and a water

pared with 0.3 g kaolin clay with 1 L distilled water with

bath from Memmert.

initial turbidity at around 400 nephelometric turbidity units
(NTU). Fe3þ from FeCl3 was chosen as a coagulant and

Molecular weight determination

from here onwards it is noted as Fe. It was chosen as it performs in a wide range of pHs. Furthermore, as the costs

Molecular weight (Mw) was determined using gel permeable

involved in water treatment plants should be kept to a mini-

chromatography (GPC) supplied by Malvern Instruments,

mum, a one-stage ﬂocculation process is aimed at achieving

Viscotek (GPCmax) model with TDA305 triple detector

maximum treatment yield. In this study, a single mixing

array. The column used was an A6000M, general mixed Ag

mode was applied and was known as the coag–ﬂocculation

300 × 0.8 mm. 0.1 mM sodium chloride as a mobile phase

process. Moreover, the physical parameters, such as mixing

was prepared and samples were ﬁltered through a 0.20 μm

speed, mixing time and sedimentation time, were investigated.

nylon ﬁlter. The result was analysed using OmniSEC software.
The method and operating conditions are given in Table 1.

Percent reduction, % ¼

Ao  A
× 100
Ao

(1)

Surface charges determination
where Ao was the control sample before treatment (NTU) and
MNG was prepared using sodium chloride at 0.1 mM with a

A was the sample after treatment (NTU).

sample concentration of 1 mg/mL. The sample was placed
W

in a disposable folded capillary cell and analysed at 25 C

Design of experiment

using Malvern Zetasizer (Nano Z) with a measurement
angle of 173 . Three runs were performed as replication

The design of the experiment lies within the boundaries as

and there was a minimum of 10 runs in each replication.

depicted in Table 2. The pH, concentration of cation and con-

W

centration of MNG were indicated at low and high limits.
A screening process is crucial as it exhibits the signiﬁ-

Surface morphology examination

cant factors for the experimental work. The screening of
Surface morphology was examined using ﬁeld emission

the factors was carried out by using fractional factorial

scanning electron microscope, Leo Supra 50VP. Samples
were prepared in solid form and underwent coating under
Table 1

|

Operating conditions of molecular weight determination by GPC

Table 2

|

Design boundaries for screening experiment

Parameter

Low limit

High limit

pH

3

9

Concentration of Fe, mM

0.01

0.1

Concentration of MNG, mg/L

0.05

0.5

Mixing speed, rpm (mixing
intensity, G)

30 (51 s1)

150 (116 s1)

Criteria

Details

Standard

PolyCALtm PEO 19k

Veriﬁcation

Dextran

Flow rate

1 mL/min

Column temperature

25 C

Mixing time, min

5

15

Sample or injection volume

20 μL

Sedimentation time, min

5

10

W
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design. The beneﬁt of this design is in reducing the number

molecular weight exhibited from GPC analysis was 2.3 ×

of runs (experiments) and maintaining the purpose of the

105 kDa. It was much higher than other natural ﬂoccu-

experiment to choose inﬂuential factors (Karunakaran

lants such as xanthan gum (4 to 25 × 103 kDa) (Corredig

). The experimental runs for each replicate to cover

& Wicker ), pectin (85 to 132 kDa) (Corredig &

all possible combinations for fractional factorial design are

Wicker ), chitosan (around 520 kDa) (Wang et al.

2k-1 (Molina et al. ; Montgomery ; Prakash et al.

), to name but a few. Figure 2 shows the refractive

). There are six factors involved, namely, pH, concen-

index

tration of Fe and concentration of MNG, mixing speed,

determination.

mixing time and sedimentation time. They are denoted as
6-1

factors A, B, C, D, E and F, respectively, with 2

runs.

response

of

MNG

for

molecular

weight

This explains why MNG was only required in low
amounts in water treatment to achieve high turbidity

The optimization in this study was meant to maximize

reduction. High molecular weight ﬂocculants may have

turbidity reduction. Face-centred composite design (FCCD)

many repeating units that contain functional groups

was employed. FCCD has α ¼ 1. In practice, the number of

such as hydroxyl and carboxyl groups. In this condition,

centre runs, nc ¼ 2 or 3, is sufﬁcient to provide good exper-

it is possible for the functional groups to adsorb onto

imental design. However, sometimes more centre runs will

the surface of particles and then induce bridging between

be employed to give a reasonable estimate of experimental

particles. It occurs by extending the chain from the sur-

error (Montgomery ).

face of particles into the solution and overcoming the
electrostatic repulsion between particles. This leads to
the formation of a three-dimensional (3D) matrix, which

RESULTS AND DISCUSSION

has the capability to form and settle ﬂocs (Salehizadeh
& Shojaosadati ). By bridging particles using high

Effects of molecular weight

molecular weight polymers, the ﬂocs formed are stronger
than when using salts alone. Due to the strength of the

Typically, the molecular weight of biopolymers is higher
2

than 10 kDa (Yuan et al. ). In this study, MNG

Figure 2

|

Elution chromatography (refractive index signal) of MNG analysed by GPC.

Downloaded from https://iwaponline.com/jwh/article-pdf/13/2/489/394954/jwh0130489.pdf
by guest
on 21 October 2018

polymer–surface bond being high, the adsorbed polymer
chain has attachments at multiple sites on the surface

493

Y. C. Ho et al.

|

A preliminary study

Journal of Water and Health

|

13.2

|

2015

(Runkana et al. ). On the other hand, high concen-

with its positive charge, thus forming micro-ﬂocs during

trations of polymers added may have an adverse impact

collisions. However, the ﬂocs formed may not be dense

as this will increase the competition of polymers to

enough to settle or may form only a small amount of

adsorb on available sites. Apart from the high molecular

aggregate. Subsequently, MNG further induces ﬂocculation

weight polymer conformation on the surface of the par-

by overcoming the electric potential between the particles

ticles, ﬂocculation may be related to the charge of the

and attracts the positive edge of the surface charge of

polymers.

particles and then bridges the ﬂocs to aggregate better by
the negatively charged functional

Effect of polymer charge

groups

in MNG.

Therefore, MNG exhibits a good role in the ﬂocculation
process.

Another aspect to examine when determining the strength
of a polymer is its charge. Figure 3 shows zeta potential dis-

Effect of surface morphology

tribution for MNG. The results were analysed using
Zetasizer software that applied Smoluchowski’s equation.

Investigation of surface morphology is necessary to deter-

It showed that the charge density of MNG was 58.7 mV

mine the surface structure likely to conform well with the

and it performed as an anionic polymer or anionic polyelec-

surface of particles. For example, crystal-linear structure

trolyte ﬂocculant. The small peak near 90 mV is a noise

(Xia et al. ) and lace-like surface (Mishra et al. )

peak. As noted in the section validation analysis on opti-

ﬂocculants were found to exhibit good ﬂocculating per-

mized treatment setting, a highly negatively charged

formance by effectively adsorbing onto the surface of

polymer like MNG is only required in low concentration

particles and thus improving the conformation of the ﬂoc-

in the treatment system. In short, they were inversely pro-

culant on the surface of particles. Figure 4 shows the

portional. High surface charge in a polymer corresponds

surface morphology of MNG. It is seen to have a branch-

to high ﬂocculation capability.

like structure. The ﬂocculating performance in the section

The main reason why MNG has a high negative charge
is due to the functional groups in MNG, which consist of

Validation analysis shows that the branch-like structure
adequately contributes to the ﬂocculating mechanism.

hydroxyl and carboxyl groups. Furthermore, as shown earlier, MNG has a high molecular weight where there are

Design of experiment

many repeating units of negatively charged functional
groups. For kaolin particles, like the colloids in water, it

Flocculating performance was affected by a few factors.

has a negative charge on the surface of particles. After the

Conformation of ﬂocculant to the surface of particles by

cation is added, it reduces the surface charges on particles

adsorption may relate to the molecular weight and surface

Figure 3

|

Zeta potential distribution.
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Scanning electron microscopy micrograph of MNG.

structure of the ﬂocculant, and the surface charge of the

Normal probability plot (Figure 5) shows the signiﬁcant

particles. However, the characteristics of the solution

factors in the ﬂocculation process when using MNG indicat-

and physical mixing parameters such as mixing time,

ing that the factors depend on each other. It can be seen that

mixing speed and sedimentation time require investigation.

only three factors, that is, pH (A), concentration of Fe (B)

Next, we evaluated these factors which contribute to the

and concentration of MNG (C) were signiﬁcant.

ﬂocculation process by using factorial design. Two-level

The screening of factors revealed that factors A, B and

fractional factorial design was used for a screening

C affected the coagulation–ﬂocculation process. Therefore,

experiment including six factors. The total number of

these three factors are included for optimization to maxi-

runs was 32.

mize

Figure 5

|

the

response

output–turbidity

reduction.

For

Normal probability plot of the effects of MNG in single mixing mode. A: pH, B: Concentration of Fe, C: Concentration of MNG, D: Mixing speed, E: Mixing time, F: sedimentation
time.
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optimization, response surface methodology (RSM) was

signiﬁcant as well. The ANOVA revealed that second-order

applied. RSM is used by researchers in the ﬁeld of engineer-

models adequately ﬁtted the experimental data for the ﬂoccu-

ing and technology to determine the values of the input

lants. A regression model was built. The second-order

process parameters that yield the optimum responses (Ho

polynomial model in coded unit that correlates turbidity

et al. ). In this study, FCCD with 20 runs was used to

reduction with all the signiﬁcant variable terms is expressed

ﬁnd the best operating condition for the ﬂocculation pro-

in Equation (2). The positive coefﬁcients of variable terms

cess. Table 3 shows the FCCD with natural variables for

indicate their synergistic effects on turbidity reduction, other-

turbidity reduction when using an Fe-MNG composite.

wise, the negative coefﬁcients show their antagonistic effects

There are 20 runs including six centre points used to evalu-

(Chang et al. ). The second-order regression model

ate the effects of pH, concentration of cation and

obtained for the optimization was satisﬁed since the value

concentration of MNG towards turbidity reduction.

of the coefﬁcient of determination (R 2) is high and close to

The optimization process helps in ﬁnding the maximum

1. The R 2 was 0.9810. It indicates 98.10% of the total vari-

turbidity reduction in this study. Table 4 shows the analysis

ation was explained by the model and only 1.9% was

of variance (ANOVA). Each variable term (linear, square

unexplained when using MNG in turbidity reduction. Based

and interaction) showed P values <0.05 and, thus, they are

on coefﬁcients in Equation (2), x1 was shown to have the

statistically signiﬁcant. In other words, the main effect of all

highest inﬂuence on turbidity reduction. Figure 6 shows the

selected factors was signiﬁcant. In addition to the main

behaviour of two factors interacting with each other.

effect, the interaction between

different

factors

was
Turbidity reduction ¼ 34:26  31:95x1  6:13x2 þ 11:91x3 þ

Table 3

|

FCCD in natural variables with the experimental data values of turbidity
reduction for MNG

pH

Concentration of
Fe, mM

Concentration of
MNG, mg/L

Turbidity
reduction, %

3

0.1

0.05

88.7

6

0.055

0.275

95.5

6

0.1

0.275

97.4

6

0.055

0.05

85.6

6

0.055

0.275

96.3

6

0.055

0.275

95.4

3

0.1

0.5

98.7

3

0.01

0.05

79.7

3

0.055

0.275

97.0

6

0.055

0.275

95.7

9

0.01

0.05

9

0.1

0.05

67.5

3

0.01

0.5

90.4

6

0.055

0.5

95.9

9

0.1

0.5

74.6

9

0.055

0.275

68.7

9

0.01

0.5

53.7

6

0.01

0.275

88

6

0.055

0.275

95.3

6

0.055

0.275

95
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21:65x21  20:52x22 þ 21:35x23  5:22x1 x2 þ 5:50x1 x3  6:40x2 x3
(2)
where x1 is pH, x2 is concentration of Fe and x3 is concentration of MNG.
The optimization analysis showed that the optimum setting
was found to be at pH 3.01, and 0.08 mM and 0.06 mg/L
for concentration of Fe and concentration of MNG, respectively. In line with the result of high molecular weight and
negative charge in MNG, it was shown to be a strong anionic
polymer ﬂocculant, and when a low concentration was added
to the process, it achieved high ﬂocculating performance
(97% turbidity reduction). This shows that MNG works well
in single mixing mode where it requires minimum mixing
speed. Furthermore, it requires short collision time for one
particle to attach to another and settles fast. This may be
due to the strong afﬁnity possessed by MNG to attract particles with greater separation distances in solution and to
conform to the surface of the particles in the split second it
touches their surface, and subsequently it forms ﬂocs quickly,
which are dense enough to settle as soon as they aggregate.
However, the characterization and optimization results
showed that these factors are inﬂuencing the ﬂocculation process. Therefore, these factors are interrelated where MNG has
many repeating units consisting of negatively charged
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The results of ANOVA for turbidity reduction of MNG

Mean square

P-value

Sum of squares

Model

16,996.77

9

1888.53

57.49

< 0.0001

pH

10,208.02

1

10,208.02

310.76

< 0.0001

375.16

1

375.16

11.42

< 0.0070

Concentration of MNG

1,418.48

1

1418.48

43.18

< 0.0001

pH * pH

1,288.99

1

1288.99

39.24

< 0.0001

Concentration of Fe*
Concentration of Fe

1,158.51

1

1158.51

35.27

< 0.0001

Concentration of MNG*
Concentration of MNG

1,253.51

1

1253.51

38.16

< 0.0001

pH* Concentration of Fe

218.40

1

218.40

6.65

< 0.0275

Concentration of Fe

Degree of freedom

F-value

Source

pH* Concentration of MNG

242.00

1

242.00

7.37

< 0.0218

Concentration of Fe*
Concentration of MNG

327.68

1

327.68

9.98

< 0.0102

Residual

328.49

10

32.85

17,325.25

19

Total

F-value, computed F-value; P-value, probability value, or the actual area under the standard normal distribution curve; DF, degrees of freedom.

Figure 6

|

3-D response surface plots of (a) pH and concentration of Fe, (b) pH and concentration of MNG, and (c) concentration of Fe and MNG.

functional groups and has a branch structure that easily

et al. ). The metal ions in the hydroxides are positively

stretches out and is adsorbed on the surface of particles

charged and are inﬂuenced by the pH, which causes electrical

during the bridging process. Owing to these facts, the ﬂoccu-

potential gradient on the particle surface. The difference in

lation process is easily achieved by single mode mixing with

electrical potential between the surface of particles and water

low concentration of MNG added to the system.

is greatly inﬂuenced by the concentration of hydrogen (Hþ)
and hydroxyl (OH) ions (Stechemesser & Dobias ).

Effect of pH and concentration of Fe
Effect of pH and concentration of MNG
pH inﬂuences all the hydrolysis equilibria resulting from
addition of metal cations. When Fe is added to water, a hydroly-

Optimum concentrations of polymer and Hþ are preferred for

sis reaction forms hydrolysed species as cations (Domínguez

coagulation
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concentration of polymer is insufﬁcient to bridge particles

On the other hand, in the coagulation–ﬂocculation

(Krishnamoorthi et al. ). In this study, the optimum pH

process, Fe and MNG are added together. Therefore, the

was pH 3. The higher concentration of Hþ in water enhances

dominant role of MNG could be determined. The neutral-

the bridging mechanism to form hydrogen bonding and

ization mechanism was shown to be dominated by Fe

hydrophobic interactions. The presence of hydrophobic inter-

where it required a higher concentration to destabilize

action reduces the electrostatic repulsion and promotes

the opposite charge edge of the surface of particles.

attachment on the surface of particles. Subsequently, it leads

Since Fe plays an important role in the neutralization

to linking and binding during ﬂocculation (Tsoga et al.

mechanism, the role of MNG in charge patch neutraliz-

). Hence, the concentrations of hydrogen and hydroxyl

ation may only make a small contribution. Therefore, it

ions play an important role in the ﬂocculation process.

was dominated by the bridging mechanism. MNG

Moreover, MNG consists of oxygen-containing func-

extended the tails and loops to bridge the neutralized par-



ticles and microﬂocs. Subsequently, when the ﬂocs were

(carboxyl group). These groups increase hydrogen bonding

denser, it settled. Conclusively, when the Fe-MNG compo-

between the surface of the particles and MNG. During the

site is added, (1) Fe destabilizes the surface of particles

ﬂocculation process, high molecular weight and high

and possibly forms microﬂocs and (2) MNG bridges the

charge density characteristics in MNG expose the functional

particles and microﬂocs.

tional groups, such as OH



(hydroxyl group) and COO

groups; the chain stretches out due to electrostatic repulsion
and provides a more effective surface for the kaolin particles
to attach to.

Validation analysis
As a validation to the optimized treatment condition using

Effect of concentration of Fe and concentration of MNG

kaolin suspension (synthetic turbid water), the treatment setting was applied to surface water as well in order to evaluate

Simple charge neutralization, charge patch neutralization,

the feasibility of using MNG in water treatment. The river

polymer bridging and polymer depletion are four typical

water was sampled from the Sungai Pinang River which is

mechanisms for ﬂocculation in the presence of polymers.

located on Penang Island, Malaysia. The river is fed by six

A combination of a few ﬂocculation processes among the

tributary rivers, namely, Sungai Dondang, Sungai Air Itam,

four may occur (Napper ; Levine & Friesen ).

Sungai Air Putih, Sungai Air Terjun, Sungai Jelutong and

During the coagulation–ﬂocculation process, Fe and MNG

Sungai Kecil. All the rivers make up the Sungai Pinang

are added in different steps. Therefore, the primary mechan-

basin. Since 2011, the water quality of Sungai Pinang has

ism of MNG might be a bridging mechanism. The

been categorized as Class III as per the National Water

concentration of Fe added may be insufﬁcient during coagu-

Quality Standards for Malaysia (DoE ). They indicate

lation. Thus, a higher concentration of MNG is required to

the polluted water requires extensive treatment before drink-

achieve the charge patch neutralization and bridging mech-

ing and is suitable for recreational use without body contact.

anism during the ﬂocculation process. However, if the Fe

Therefore, a validation analysis was carried out (Table 5) on

added is excessive, it will cause a reverse effect or prefer

the river water. It is observed that the treatment settings ﬁt

charge patch neutralization as there is attraction of opposite

well in river water treatment, in addition to kaolin

charges.

suspension.

Table 5

|

Optimized treatment setting and validation test when using MNG in coagulation–ﬂocculation process using kaolin suspension and river water

Turbidity reduction, %
pH

Concentration of Fe, mM

Concentration of MNG, mg/L

Predicted (kaolin suspension)

Actual (kaolin suspension)

Actual (river water)

5.77

0.05

0.42

99.5

97.4

95.2
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CONCLUSION
In summary, a new renewable material for water treatment
was presented. Some intriguing features make MNG a
green material, as follows: (1) it is extracted from a natural
and renewable resource; (2) it possesses high molecular
weight, surface charge and a branch-like surface morphology; and (3) it exhibits good ﬂocculation performance
at near neutral pH and is only required at low concentrations. The aim is to replace PAM in water treatment for
economic and sustainability reasons as well as because of
the increasing health concerns of using PAM.
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