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Synthesis and characterization of a lactose-based
biosurfactant by a novel nanodendritic catalyst and

evaluating its efficacy as an emulsifier in a food
emulsion system

Maryam Karami,?® Ali Reza Faraji, © *°° Solmaz Saremnezhad® and Mostafa Soltani®®

Nonionic lactose fatty acid esters are a class of synthetic biosurfactants with various uses in the food,
pharmaceutical, personal care, and cosmetic industries. The objective of this research was the

preparation and full characterization of a series of novel metallic encapsulated magnetic core/dendrimer

shell composites as catalysts (Co"/Mn" G, L1,@SCMBNP) and their use in the chemo- and

regioselective synthesis of a biosurfactant for the first time. Surface-active properties (such as contact
angle (CA), surface tension (SFT), interfacial tension (IFT), critical micelle concentration (CMC),
hydrophilic-lipophilic balance (HLB), foamability (FA) & foam stability (FS), emulsion ability (EmA) &
emulsion stability (EmS), surface excess (I') and free energy of adsorption (AG) were also determined for

all synthesized biosurfactants. In comparison to other works, these results suggested that the

synthesized lactose fatty acid esters have potential application as synthetic emulsifiers featuring surface

properties and are comparable with Ryoto sugar ester L-1695 (sucrose laurate) & Tween-20 (polysorbate
20) as industrial emulsifiers. The optimized conditions for biosurfactant syntheses are 8 days at 2:1
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molar ratio of lactose sugar to lauric acid at 50 °C. Lactose ester as a biosurfactant exhibited a decrease

of SFT & IFT and was able to stabilize a 20% soybean O/W emulsion. Furthermore, high conversion &
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1. Introduction

The surfactant, emulsifier, and wetting agent industries heavily
depend on petrochemical feedstocks. With the great interest in
both commercial incentives and environmentally friendly
processes and also the prediction of scarcities of petroleum-
based products, the need for surfactants derived merely from
renewable raw materials is an evident target. Therefore, the oil-
and sugar biosurfactants can be considered as hydrophobic and
hydrophilic renewable sources from oleochemicals (such as
palm oil, palm kernel oil, and coconut oil) and carbohydrates
(such as glucose from corn starch, sucrose from sugar cane, and
lactose from whey solution), respectively."> Thereby, the sugar-
based biosurfactants have extensive applications in the food
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yield, excellent chemo- and regioselectivity, and high operational stability over 5 runs were achieved for
Co"/Mn""-G, 4L1,,@SCMBNP, indicating the suitable efficiency of the catalytic process.

industry (as foaming agents and emulsifiers), cosmetics, special
detergents, oral hygiene products, and pharmaceutical indus-
tries. Also, carbohydrate-based surfactants exhibit some
advantages compared to typical surfactants, such as high water
solubility, odorless, non-ionic, tasteless, non-toxic & antimi-
crobial, anti-fungal, anti-cancer, and insecticidal properties.>”
Lactose is the principal sugar existing in milk and whey. Whey is
a major by-product of cheese manufacturing industry. After the
casein curd separates from the milk, following coagulation of
the casein proteins through the action of an enzyme (chymosin)
or acid, the remaining watery and thin liquid is named whey.
Lactose makes up a high proportion (>75%) of the total whey
solutions and is considered as one of the most polluting food
by-product streams (40-70 g L' biochemical oxygen demand
(BOD) and 60-80 g L™ " chemical oxygen demand (COD)).%”
Therefore, utilization and exploitation of whey lead to a reduc-
tion of environmental concerns.®

Due to the abundance of different hydroxyl groups in lactose,
it is necessary to investigate the behavior of catalyst to achieve
a “directed catalytic synthesis” for selective lactose esters.
Regioselectivity is the preference of chemical breaking/bonding
in one direction over all other feasible directions, while che-
moselectivity is determining which group reacts. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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establishment of regio- and chemoselective conversion is one of
the most important assignment in chemical industries because
it increases material consumption, superfluous trimming and
re-functionalization steps in process.” Therefore, regio- and
chemoselective esterification of sugars is a laborious task
related, principally, to their multifunctionality.

In general, carbohydrate-based surfactants are synthesized
from sugars and free fatty acids with chemical or biological
catalysts. The enzymatic synthesis of sugar esters is typically
characterized by regio- and chemoselectivity, excellent conver-
sion, and a high reaction rate compared to chemical
catalysts.”® However, uneconomical process, inactivation of
enzymes in organic solvents (such as DMSO, DMF, and pyri-
dine), and varied activity and reaction conditions in the esteri-
fication of different sugars are of the disadvantages of
enzymatic synthesis of sugar esters.”* Other catalytic systems,
such as Brgnsted acids, Lewis acids, metal oxide, resins, clays,
and zeolites have been applied instead of costly enzymatic
catalysts for the synthesis of sugar esters.” These catalysts are
easily available, cost-effective, and easy to perform.”*> However,
this catalytic synthesis is carried out at a high temperature, has
poor chemo-and regioselectivity, has harsh reaction conditions,
and leads to the formation of colored by-products. Although
zeolites are introduced as efficient catalysts, their application is
limited by drawbacks such as deactivation by irreversible
adsorption, steric blockage of heavy secondary products, and
unsuitable microspores for bulk molecules.*

As an ideal macromolecule, dendritic polymers and their
composites have attracted considerable attention because of
their unique fractal architecture and physicochemical proper-
ties, including their branched three-dimensional framework,
nanoscale size, biocompatibility, monodispersity, solubility,
high stability, precise molecular weight, tunable terminal
functionalities, small inherent viscosity, low toxicity, low cost
and other peculiar characteristics. The end terminal functional
group on the dendrimer can conjugated with several diverse
chemical entities such as ligands, and metals for performing
chemical process such as drug/gene delivery, tissue engi-
neering, cancer therapy, biosensing, degradation of pollutant,
and catalysis."** Another unique property of dendritic catalysts
is that the metallic active sites are very attainable on the
periphery.™ These properties are believed to be related, princi-
pally, to their globular shapes, tunable nanoscale size, and
spatial structure. Therefore, dendrimers are excellent candi-
dates for catalysis as their 3D dimensional structure possess
modifiable surfaces with tune-ability, which extended network
of peripheral functional group.™**®

One of the catalytic systems not yet used in sugar fatty acid
synthesis is dendrimers/dendrons. Therefore, we are the first
to report the synthesis of lactose-based surfactant with
emulsifying properties by a novel dendritic catalyst. Our
strategic planning focuses on combining the prominent
features of magnetic beads core/dendrimers shell composite,
linker agents, active centers on the periphery, and their
applications for the synthesis of a biosurfactant. Highlights of
this novel design are to homogenize heterogeneous catalysts,
comparative assessment of active centers encapsulated in

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

silica-coated nano magnetic beads (SCMBNP) core/
dendrimers shell composite, magnetic separation, preven-
tion from coagulation by the coating of the magnetic core by
a silica shell, and fabrication of metallic dendritic catalyst
with good monodispersity, abundant surface functional
groups, high solubility in reaction media, high capacity for
loading metals and also excellent catalytic efficiency in
synthesis of a biosurfactant.

The dendronizing method can generate hydrophobic arms
on the magnetic nanoparticles core enhancing its compati-
bility with the organic media and minimize the support for the
immobilization of dendritic composite, and the surrounding
attached metallic ion can act as a single catalytic site. In fact,
the novel synthesized SCMBNP core/dendrimers shell
composite has the capacity to encapsulate the insoluble single
metallic ion and transport it into the organic media. Addi-
tionally, in SCMBNP core/dendrimers shell as an efficient
catalyst in the chemo- and regioselective synthesis of lactose
fatty ester has been reported for the first time. Pure lactose
(PLac) and raw lactose (RLac) obtained directly from whey as
alcohol acceptor and dodecanoic acid (LauA, lauric acid) as
acyl donor were used as substrates in the magnetic dendrimer-
catalyzed esterification.

2. Experimental section

2.1. Equipment for dendrimer characterization and LML
detection

The different instruments applied for the detection of synthe-
sized nanodendrimers & surfactants are listed below: CHN (C, H
& N elemental analysis, Rapid Heraeus elemental analyzer
(Wellesley MA); ICP-AES (Inductively Coupled Plasma Atomic
Emission Spectroscopy, PerkinElmer ICP/6500); DLS (Dynamic
Light Scattering, Zetasizer Nano-ZS-90 (ZEN 3600,Malvern
Instrument)); TEM (Transmission Electron Microscopy, Philips
501 microscope, 80 kV voltage); SEM (Scanning Electron
Microscope, Tecnai F30TEM operating at 300 kv); FT-IR (Fourier
Transform Infrared Spectroscopy, Shimadzu Varian 4300
Fourier Transform Infrared spectrometer, KBr pellets); TGA
(Thermogravimetric Analysis, PerkinElmer TG-DTA 6300, heat-
ing rate of 15 °C min~'); XPS (X-ray Electron Spectroscopy,
PerkinElmer PHI 5000CESCA system, B. P = 9-10 Torr; VSM
(Vibrating-Sample Magnetometer, BHV-55 VSM); XRD (X-ray
Diffraction, Bruker D8 Advance diffractometer, CuKe radiation,
40 kv, 20 miliamper); HPLC (High Performance Liquid Chro-
matography, Agilent 1200 LC System, Detector = Binary SL
Pump & Diode Array Detector and a Shodex RI-501 Refractive
Index Detector, mobile phase, HPLC grade solvents (MeOH/H,0O
(85/15, v/v)), flow-rate = 0.2 mL min ", ¢ = 50 min, T = 40 °C).
All dried samples were dissolved in MeOH/H,O (85/15, v/v),
filter (13 mm PVDF syringe filter with 0.45 um pore size); GC/
MS (Gas Chromatography Mass Spectroscopy, HP 6890/5973
GC/MS, Shimadzu GC-16A gas chromatograph (GL-16, 5
m > mm OV-17 column, 60-220 °C (10 °C min "), Inj. 230 °C,
Det. 240 °C); NMR (Nuclear Magnetic Resonance, Bruker INOVA
500 NMR, Solvent (d¢-DMSO)); & Goniometer (ramé-hart goni-
ometer, model OCA 15 plus).
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2.2. Preparation of nanodendrimers

To prepare bare-nano SCMBNPs, a well-known co-precipitation
method was employed.”*™” An aqueous solution of FeCl;-7H,0
and FeCl,-4H,0 (Fe'"/Fe™: 2 : 1) were added to 10 mL HCI (2 M)
under a nitrogen atmosphere for 0.5 h. Then, 50 mL of NH;
(37 wt%) solution was added drop-wise which a dark black solid
product obtained until the pH value was reached 10. After
stirring under nitrogen atmosphere for 0.5 h, the final solution
was heated at 70 °C for 0.5 h. The resulted black solid was
separated by a magnet and washed with deionized water and
dried under vacuum at 80 °C for 13 h. Then, the prepared
magnetic nanospheres were dispersed in EtOH/H,O (2 : 1). The
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obtained mixture solution was homogenized by ultrasonication
for 0.5 h and then 3 mL NH; (37% w) solution was added drop-
wise to the dispersion and stirred vigorously. The silanization of
the magnetite core was performed to increase the OH groups on
the surface, prevent the aggregation of MBNPs and eliminate
the solubility problems in organic solvents when dendrimers
were directly grown onto the surface of the MBNPs. The mixture
of 0.5 mL tetraethylorthosilicate (TEOS, Sigma Aldrich) in 15 mL
EtOH was injected in combination. Then, the process was
carried out for 100 min, the magnetic solid was separated by
a magnet and washed with EtOH (3 x 10) and H,O (3 x 20) and
dried for 10 h. In the end, dark yellow SCMBNPs powder was
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(A) The fabrication flow chart of M"-G, L;,,@SCMB (B) the catalytic synthesis of lactose mono lauryl ester (LML) biosurfactant and its
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obtained. In the following steps, the SCMBNP-cored den-
drimers grew from the magnetic cores via a step-wise divergent
synthesis approach. The G, ,L;@SCMB & G, (L,@SCMB parti-
cles were obtained by refluxing 5.2 g SCMBNPs with 3.5 mL 3-
aminopropyl)trimethoxysilane (L;, APTMS, Merck) and 4.0 mL
N-3-(trimethoxysilyl) propyl ethylenediamine (L,, 2-AE-3-
APTMS, Merck) in 100 mL anhydrous dichloromethane (DCM,
Sigma Aldrich) for 24 hours (Fig. 1). The bulk product was
filtered off and washed with DCM/MeOH and dried in a vacuum
oven at 100 °C for 8 h to prepare Gy oL;@SCMB and
G.oL,@SCMB. 10.0 grams of Gy (L;@SCMB or Gy ,L,@SCMB
particles were dispersed in 200 mL MeOH and 80 mL methyl
acrylate (MA, Merck). The obtained mixture was ultrasonicated
and refluxed for 3 h. The solid product (Gy sLi,@SCMB) was
washed with MeOH, and then the mixture was refluxed for 12 h
after adding 3.0 g Bis (phthaloyl) diethylenetriamine (BPDEA) as
a G gLy,@SCMB or G; (L,@SCMB. MA and BPDEA were graf-
ted onto the GgsL;,@SCMB surface as the precursors of
a greatly branched and multi-functionalized G, sL@SCMB.
Then, removal of phthaloyl protective group with N,H,. The
resultant G; (L;@SCMB or G;,L,@SCMB particles were
collected by magnet stick and dried under a vacuum oven.
Then, the previous steps are repeated to prepare the second
generation dendrimer. In the next step, alkylation with cyanuric
chloride ((NCCl);, Sigma Aldrich) in a solution of N,N-diiso-
propylethylamine (DIPEA, Merck), and tetrahydrofuran (THF,
Sigma Aldrich) for 2 h under Ar atmosphere at <15 °C.** And
then, metformin (Met, Merck), DIPEA in dry dimethylforma-
mide (DMF, Merck), and the G, ,L;@SCMB or G, (L,@SCMB
were dispersed under vigorous stirring at Ar atmosphere at 80 °©
C for 24 h. The resultant magnetic nano Met-G, ¢L;,@SCMB
was collected by an external magnet and washed with DCM/
DMF sequentially.”®” The generated nanocomposite (Met-
Gy.0L1,,@SCMB particles) were isolated by an external magnet
and washed with EtOH/MeOH (50/50, v/v) and toluene (PhMe,
Sigma Aldrich) and finally dried at 60 °C for 12 h to afford
a brown solid. The functionalized Met-G, (L@SCMBs that were
synthesized with the Met, are identified as G, ,L;@SCMB and
G, oL,@SCMB.Then, Mn/Co-G, ,L,@SCMB were prepared by
stirring 60 mg of the G, ,L;@SCMB or G, (L,@SCMB with
5.4 mmol of Co(OAc),-4H,0 and Mn(OAc),-4H,0 in EtOH (40
mL) under reflux for 24 h. After cooling, the resulting magnetic
Co"/Mn"-G, ¢L,,,@SCMB NPs were isolated by using a magnet
bar and washed as like the previous step and finally dried at 50 ©
C for 12 h to afford a brown solid.

2.3. Catalytic production of sugar ester

Synthesis of emulsifier was assembled in a 25 mL glass vial with
a plastic cap to prevent solvent evaporation during the long
reaction times. 5.0 mL solvent (acetone (ACTN) or acetonitrile
(ACN), dried using molecular sieves) was added to 0.25 g lactose
monohydrate (Lac, Sigma Aldrich), the desired amount of nano
dendritic catalyst (30.0-40.0 mg), activated molecular sieves
(MS, 60.0 mg) and 0.280 g lauric acid (LauA, Merck) with the 1: 2
molar ratio of Lac : LauA. All reactions were carried out at 50 °C
in a shaking water bath. Then, the magnetic nanodendrimer

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was retrieved using a magnetic stick, washed well with water
and ethanol, dried and used in further runs. Aliquots were
removed from each vial daily for HPLC analysis.

2.4. Purification of LML

For the purification of LML by solvent extraction method, the
applied organic solvent of reaction was evaporated in a vacuum
drying oven at 50 °C for 24 h. The extraction of dry LML was
carried out in a 50% mixture of EtOH-H,O (40 mL). The mixture
was shaken for 4 h in a water bath to extract biosurfactant from
the unreacted precursors and byproducts at 50 °C. Then, the
obtained homogenized mixture was centrifuged at room
temperature for 10 min at 10 000 g. The supernatant was filtered
and dried in a vacuum drying oven at 50 °C for 48 h to achieve
the dried of LML. The obtained sugar ester was identified by
thin-layer chromatography (TLC) by silica gel plate using CCl,/
n-C¢H,y, as eluting solvent & iodine tank. In the catalytic
process, reaction yields were measured based on the sample's
dry weight. The maximum theoretical yield (22.7 mg mL ") was
calculated based on molecular weight (524.2 ¢ mol™" from GC-
MS) for LML as a product and Lac as a limiting substrate. The
purity of LML was verified to be greater than 90% by HPLC
analysis.

2.5. Preparation of model emulsions

Soybean oil was purchased from a local market (Tehran, Iran)
and used for the preparation of emulsion samples. The 20 mL
soybean oil was mixed with 80 mL water in a round baker for
10 min to prepare 20% oil-in-water (O/W) samples. The result-
ing sample (soybean/water 20% v/v) was treated with the
synthesized emulsifier at various concentrations. LML (aq) was
stirred for 20 min before the addition of 20 mL soybean oil.
Immediately, the mixture was vigorously mixed with a high-
speed blender (10 000 rpm) for 15 min at room temperature
and then passed through a microfluidizer. Afterward, emulsion
destabilization & emulsification indices were measured
(Fig. 1B).

2.6. Surface-active properties

In order to evaluate the emulsifying properties of LML, the
hydrophilic-lipophilic balance (HLB) number, critical micelle
concentration (CMC), surface tensions at the CMC (ycmc) and
minimum surface tensions (ymin), foamability (FA), foaming
stability (FS) and surface excess (I' in mol m™?), area per
molecule (A in A%), Gibbs free energy of adsorption (AG in kJ
mol "), emulsifying ability (EmA) and emulsion stability (EmS)
of LML were determined. The methods utilized for such
purposes are detailed as follows:

2.6.1. HLB calculation. HLB is the balance of the size and
strength of the hydrophilic heads and lipophilic parts of
a surfactant compound. The HLB number typically varies
between 0 and 20. In low HLB (<6.5), surfactants are more
appropriate for utilization in W/O emulsions, in the range of 6.0
to 10.0, are dispersible in water, and with high HLB numbers (8
to 18) are frequently applied in O/W emulsions. Typically, the

RSC Adv, 2022, 12, 32280-32296 | 32283
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theoretical HLB numbers of surfactants can be measured using
the Griffin formula:*®

My

HLB = ZOVT (1)
My - molar mass of the hydrophilic part Mt - molar mass of the
whole LML compounds.

2.6.2. CMC determination. CA, SFT, and IFT of synthesized
LML in aqueous solutions were measured by the pendant drop
method at room temperature. Also, the CMCs of LML
compounds synthesized by both nano dendritic catalysts were
determined. Various concentrations (0.1 to 2.0 mg mL ") of the
LML (aq) were made at room temperature, and CMC and ycmc
values of the LML (aq) were measured from the breaking point
in SFT versus concentration plots.”*®* All measurements were
conducted at room temperature.

2.6.3. Foamability and foaming stability. In order to
determine FA and FS, 10 mL of the LML (aq) of various
concentrations (from 0.1 to 0.6 ¢ L™ ') were poured in centrifuge
tubes (100 mL) and the height of each solution (H,) was
measured. Then, each sample was homogenized at 8000 rpm
for 5 min and the obtained foam height (H,) and the total height
(H,) were recorded straightway. Then after 10, 20, 30, 40, and
50 min, the new foam heights (H;) were determined at room
temperature. All the tests were performed three times. The FA
and FS were measured using the following equations:***

FA(%) = 100.u (2)
H,
H;
%) = 100- 23
FS(%) = 100- 3 3)

2.6.4. Emulsion ability and stability. In order to evaluate
the EmA and EmS, 10 mL of aqueous solutions of LML at 0.02%
and 0.05% (w/v) concentrations and soybean oil (10 mL) were
mixed in 50 mL centrifuged tubes and homogenized at
8000 rpm for 5 min to blend two phases, after 15 min the height
of the emulsion layer (#;) was calculated. In this step, after 0.5,
1, 1.5, 2, and 24 h, the height of the emulsion layer (H,) was
measured at room temperature. The initial height (H,) of
solutions and soybean oil were also calculated. All emulsions
were prepared and analyzed triplicate. The EmA and EmS were
calculated according to the eqn:*>*

H,

0/ — A
EmA(%) = 100- ! @)
EmS(%) — 100- % 5)

2.6.5. Surface excess, area per molecule and Gibbs free
energy of adsorption. The I', 4, and AG have been evaluated from
the SFT diagram. The I is the extra amount per unit area of the
solute that is attended at or close to the surface when the surface
is equilibrated with the mobile phase including the solute. The I
was calculated according to the following equation:*

32284 | RSC Adv, 2022, 12, 32280-32296
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1 dy
I'==330rT “dlog C (6)

I'-surface excess (mol m~?) R-gas constant (8.31 ] (mol K)™* T~
temperature (K) y-surface tension (N m ') C-concentration of
LML (mol L)

The A depicts the mean area accessible to each molecule
forming monolayers. The area of an adsorbed molecule at the
surface can be measured using the following equation:

1 020

= VAT (7)

A-area per molecule A*> Nj-avogadro constant (6.0236 x 10*
mol ') I'-surface excess (mol m?)

The AG of an aqueous solution of LML at the liquid surface
can be measured using the following equation:*~>*

CMC)

AG-Gibbs free energy of adsorption (k] mol™") R-gas constant

(8.31 J (mol K)* T-temperature (K)

3. Results and discussion

3.1. Structural characterization of nanodendrimers

The physicochemical properties of magnetite beads catalysts,
the BET nitrogen adsorption and desorption analyses, and the
corresponding Sger (N, specific surface area), MPD (pore size),
and Vg (pore volume) are listed in Table 1 for all samples. The
Sper, MPD, and Vg of the Co"™-G2.0L@SCMBNPs and Mn'-
G2.0L@SCMBNPs in comparison with magnetic support were
decreased (Table 1). These data illustrated that the presence of
the organo-modifier on the magnetic pristine decreases the Sggr
and Vg by covering the micropore on the magnetic pristine.
The low Sper and Vigy value of Co™-G, (L,@SCMBNPs might be
caused by higher metal loading in comparison to other catalysts
(Table S1t). The elemental content of the samples was routinely
evaluated by AAS (atomic absorption spectroscopy), ICP-OES
(induced coupled plasma), and CHN combustion microanal-
ysis. Additionally, throughout the fabrication of the nano-
dendrimers (Gg 5 to G, o), the identical concentration of L; and
L, and the excessive amounts of other modifier compounds
(MA, BPEA, (NCCl); and Met) were used. This excessive amount
is related, principally, to decrease the amounts of the unspoiled
residual active sites on the SCMBNPs. A change in the color
(from yellow to dirty red) of solid products illustrated that the
condensation reactions occurred in these stages. In order to
determine N-content in the nanodendrimers (Gos to G),
supplementary assessments were carried out by AAS and BT
(back titration) procedure (Table 1). The M"™-G, ,L@SCMBNPs
were dispersed in HCI (1.0 mM) and stirred for 1 h. The nano-
dendrimer was collected by a magnet stick and then the
supernatant solution was separated. The obtained solution was
titrated against a solution of NaOH (1.0 mM) and the equiv.
(equivalence point) was determined. From the equiv. point,
CHN, and BT values, the N-content in the samples was calcu-
lated (see Table S17).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Contact angle, interfacial tension, surface tension, critical micelles concentration and hydrophilic lipophilic balance of biosurfactant

No. Catalyst Lac CA“ () IFT? (mN m ™) SFT° (mN m™ 1) cMc? (mg mL™Y) HLB®
1 Co™-G, ,L,@SCMB’ PLac 77.62 £ 2.9 11.07 + 0.9 25.12 + 0.4 0.55 14.1
2 C0"-G, (L,@SCMB RLac 58.12 + 3.2 10.73 + 2.5 21.73 £ 1.3 — 14.1
3 Mn'G, ,L,@SCMB? PLac 75.38 £ 3.6 11.92 + 0.5 26.38 £ 0.7 0.63 14.1
4 Mn"-G, ,L,@SCMB RLac 55.03 + 4.2 10.42 + 2.3 22.53 + 2.1 — 14.1

“ Contact angle of 3.6 mM of aqueous solution of LML on typical microscope slid. ? Interficial tension of 3.6 mM of aqueous solution of LML.
¢ Surface tension of 3.6 mM of aqueous solution of LML. ¢ Critical micelle concentration. ¢ Hydrophilic lipophilic balance measured by equiv.
HLB = (Myu/My).20, My = 524.28 g mol ./ Condition reaction: ([Co-Cat] = 30.0 mg, [Lac] = 250 mg, [LauA] = 278 mg, T = 50 °C, [MS] =
600 mg, ACN = 6 mL). ¢ Condition reaction: ((Mn-Cat] = 40.0 mg, [Lac] = 250 mg, [LauA] = 278 mg, [MS] = 600 mg, T = 50 °C, ACN = 6 mL).

The content of linked Met on (NCCl); was determined by the
BT method which is equivalent to a loading of 1.51 and
1.78 mmol of Met per gram of G, ,L;@SCMBNPs and G, -
L,@SCMBNPs, respectively. The dendrimer scaffold has two
main sites for metal loading by using various paths: (i) void
spaces, and (ii) branching points; and outside surface groups by
electrostatic interactions. Therefore, the amount of Co and Mn
were estimated, 1.02 £ 0.001 mmol g~ " and 0.97 4 0.001 mmol
g~ " by AAS analyses and, 1.03 and 0.98 by ICP, respectively.
Furthermore, the loading rate (the attached average metal ions/
surface Met molecules) of Mn"-G, ,L,@SCMBNPs and Co"-
G, oL,@SCMBNPs dendrimer are 54 and 57, respectively.

These analyses illustrate that nano metals encapsulated on
G, oL,@SCMBNPs are stabilized by the dendrimer framework.
Furthermore, the cobalt and manganese encapsulated on G, (-
L;@SCMBNPs by ICP-OES analysis were measured 0.89 £ 0.001
mmol g and 0.83 & 0.001 mmol g™, respectively. The results
showed that the densities of metal on the surface of G, (L,@-
SCMBNPs were not similar. The ICP-OES and AAS analysis of
the four Co"/Mn'™-G,(L,,@SCMBNPs demonstrate that
magnetic dendrimers containing the L, as a linker have higher
metal loading than two other dendrimers. Obviously, the
difference between metal loading leads to a difference in cata-
lyst efficiency, which was confirmed by our experimental
results.

In the FT-IR spectra, very important differences among bare-
nano SCMBNPs, Co™G,,L,@SCMBNPs and Mn"-G, ,L,@-
SCMBNPs were detected (Fig. 2A). In this paper, the (»), (o), (s),
and (as) represents stretching, bending, symmetric and asym-
metric vibration, respectively. The characteristic bands at 545-
645, 983, 1095, 1110 and broad band at 3100-3420 cm ™' are
attributed to the v (Fe-0), v,5 (Si-O-Si), v (Si-O) and v, (Si-OH),
respectively. These peaks confirm the formation of a continuous
and very fine layer of inert SiO, on the surface of the magnetic
beads. The primary amine N-H stretches overlapped with Si-
OH, Si-Si, and adsorbed water molecules stretches in the FT-IR
spectrum of Gy cL;@SCMBNPs and G, ,L,@SCMBNPs. The sp*
H,C-H stretching and NH, bending vibrations appeared at
around 2810 and 1565 cm ™, respectively. Several weak peaks in
the area of 1440-1560 cm™ 'and 28602930 cm ™" are attributed
to 7,5 (C-C) and v,5 (C-N) in L, or L,."*"” Secondary amine N-H
stretches were observed as a very weak peak about 3000-3100
cm . Additionally, secondary amine N-H peaks and the N-H
deformation peaks appeared at 3000-3100 cm™ ' and 1500-1580

© 2022 The Author(s). Published by the Royal Society of Chemistry

em ! in the FT-IR spectra of GooL;@SCMBNPs and Gg oL, @-
SCMBNPs, respectively. The appearance of a new peak at 1737
cm~ ' demonstrates the attachment of MA to the NH, groups of
the L, or L,.

In the following, nanodendrimer synthesis is performed
using a protection/deprotection strategy. Characteristic bands
at 1533 and 1710-1778 ecm ' and 1535 cm ' indicate the
phthaloyl group in the mentioned nanodendrimers.* It can be
seen that after 48 h most of the related peaks to the phthaloyl
groups were disappeared which confirmed the deprotection of
the immobilized amine groups by hydrazine. Subsequently, the
appearance of medium peaks at around 1605-1640 cm ',
confirmed the condensation reaction between (NCCl); with G,
2.0L@SCMBNPs. The strong peaks around 1570-1650 cm ™~ and
1250 cm~ " suggest the presence of (NCCI); ring.*'® The weak
and new peaks at 417 and 440 cm ™" were assigned to the metal-
nitrogen stretching vibration of nanodendrimers after the
complex formation of Mn and Co with grafted metformin over
modified Met-G, (L@SCMBNPs, respectively."*” The FT-IR
spectrum of the nanodendrimers clearly illustrated that the
bare-nano SCMBNPs have been successfully modified with
organic compounds and heterogenized.

The XRD reflexes of pristine and nano dendrimers are
depicted in Fig. 2B. Initially, the diffraction pattern of all
samples could be indexed to a fcc (face-centered cubic) struc-
ture. Those sharp peaks correspond to the cubic spinal struc-
ture of bare-nano SCMBNPs and other samples which
attributed to 18.5° (11 1),30.8°(220),37°(311),44°(4 0 0), 57°
(422),58.3°(51 1) and 64° (4 4 0) plane of the crystal. After the
modification process, a little broadened pattern appeared
which related to SCMBNPs non-crystalline nature at 15-80°. The
weak-broad peaks of cobalt and manganese roughly appeared
which had convergence with M™-G,L,@SCMB peaks and
caused, principally, the increase in the peak intensity at 44—
58°.">" The data in Fig. 1B lead to the conclusion that the
crystal structure and peak intensifying of modification and
encapsulation do not remarkably change after the modification
process, and no phase separation is observed for all of the
samples. The average size of Co"™-G,,L,@SCMB and Mn"-
G, oL,@SCMB were determined as about 25 and 28 nm from
Debye-Scherrer's equation, respectively.?>?

The thermal stability of all dendritic catalysts and evaluating
the composition of samples were done by the thermogravi-
metric analysis (TGA) under a 5 °C min~' ramp rate in

RSC Adv, 2022, 12, 32280-32296 | 32285


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06958j

Open Access Article. Published on 10 November 2022. Downloaded on 4/11/2026 11:03:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

100
90
” !
7
=N
50
= Mn'"-G, L, @ SCMB
30 Co"-G, L, @ SCMB
SCMBNPs
4000 3000 2000 1000 400
Wavenumber [cm™]
"I C Mn'-G, L, @ SCMB
100+ o v 7
Co"-G, L, @ SCMB
98- = SCMBNPs
~
< 96+
-
2 94+
=
o
< 924
‘S
Z 90-
884
864

100 200 300 400 500 600 700 800 90010001100
Temperature (°C)

View Article Online

Paper

ov
(311)

Mn"-G, L, @ SCMB
Co"-G, L, @ SCMB
=— SCMBNPs
g z _ 8
= ) - = %
= g =~
Z b3 g
‘® Zz
=
]
=
10 20 30 40 50 60 70
2 theta (degree)
60 D

40

& Mn'"-G, L, @ SCMB

Co"-G, L, @ SCMB
— SCMBNPs

Magnetization (emu/gr)
o

-10000-7500-5000-2500 0 2500 5000 7500 10000
Applied Magnetic Field (Oe)

Fig.2 (A) FT-IR, (B) XRD pattern, and (C) TGA profiles, (D) Magnetization curves obtained by VSM of Co'"-G, oL,@SCMB and Mn'"-G, oL,@SCMB,
(E) XPS analyses of Co"-G, oL,@SCMB and (F) XPS analyses of Mn"-G, oL,@SCMB.

a nitrogen gas atmosphere. The results showed a little differ-
ence in weight loss protocol which corroborate similarity in
their structure. The TGA plot starts at 50 °C with a gentle slope
and continues to 200 °C and again continues to 800 °C, then
stays without changes (Fig. 2C). The first weight losses of
physically adsorbed water molecules on the samples were
observed at <115 °C. The desorption of water molecules on the
dendrimers and decomposition of grafted organic parts are
shown at 120-410 °C. Probably, the residual weight is related to
the presence of metal oxide and magnetic nanocomposite. The
TGA plots of the nanodendrimers indicated that at tempera-
tures below 410 °C, the total weight loss was only 17.5-19.3%.
This result illustrated that in the optimum temperature for this
reaction (50 °C), the prepared nanodendrimers were completely
stable and no weight loss is expected. Also, from TGA plots, the
following results are concluded: the metals and organic
compounds well immobilized on the pristine, the powerful
interaction between the peripheral moiety and surface of pris-
tine, and the little differences in weight loss are related, prin-
cipally, to the differences in the structure of dendrimers, metal
loading and kind of metal (Fig. 2C).

32286 | RSC Adv, 2022, 12, 32280-32296

Magnetic properties of the naked SCMBNPs and nano-
dendrimers were evaluated by the vibrating-sample magne-
tometer study at room temperature (Fig. 2D). The VSM magnetic
hysteresis curves of samples exhibited that all nano dendrimers
have magnetic properties; and show diminish compared to
naked SCMBNPs. The M, (magnetization saturation) were found
to be 63.4, 47.1, and 43.5 emu g ' for SCMBNPs, Co"-
G,,0L,@SCMB, and Mn"-G, (L,@SCMB, respectively. Against
a variable applied magnetic field (—10000 to +10 000 Oe), the M;
of SCMBNPs is greater than that of our nanodendrimers. The
lower M for the nanodendrimers can be related to the incor-
poration of non-magnetic SiO, and organic compounds over the
iron oxide surface. Still, the latter stands up with adequate
magnetism and can be easily attracted by external magnets
(inset Fig. 3D). Based on these observations, the following
results are concluded: the hysteresis curve is small, the rema-
nence and coercivity are close to zero, the large surface area of
nano dendrimers permit the easy spin of the electrons located
on the surface of atoms in response to even weak magnetic
fields, therefore, the nano dendrimers possess super-
paramagnetic behavior and can be effortlessly removed from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS analyses of Co"-G, oL,@SCMB (A and B) and of Mn"-G, ¢L,@SCMB (C and D).

the reaction medium, and the decrease in M, value in higher
generation dendrimer grafted catalysts is attributed, mainly, to
the formation of condensed shell and this, in turn, reflects more
non-magnetic behavior.>*>*

The X-ray Photoelectron Spectroscopy (XPS) analyses were
done for elucidation of the valence state of the metal nano-
particles in dendrimers (Fig. 3). In dendrimers including
manganese and cobalt, the 2p core-level peaks are recorded
with high resolution and the characteristic 3p peaks are
observed at 34-70 eV BE (Binding Energy).>**® The XPS spec-
trum of superior catalyst “Co"™G,L,@SCMB and Mn"-
G,.0L,@SCMB” (Fig. 1E and F) shows the availability of the core-
elements such as C (1s), N (1s), O (1s), Fe (2p1/2), Fe (2p3/2), Co
(2p1/2), Co (2p3/2) and Mn (2p1/2) and Mn (2p3/2) with the BE
287.4, 401 & 530.78 for C (1s), N (1s) & O (1s), 536-541 for Fe*",
710-720 for Fe*", 778-790 eV for Co (2p) and 639-650 for Mn
(2p), respectively. As shown in Fig. 2F, this curve is entirely in
accordance with asymmetric Mn 2p3/2 peak in Mn at oxidation
state +2 which is found at 638.64 £ 0.06 eV with a 2p3/2 to 2p1/2
splitting of 11.10 £ 0.02 eV. The 2p3/2 to 2p1/2 splitting in
nanodendrimer is around 11 eV that verifies oxidation sate 2+
for Mn in Mn"-G, (L,@SCMB.?**’ Additionally, The Co(2p3/2)
and Co(2p1/2) in Co-N environment generated peaks at 778-
790 eV, which is in agreement with +2 oxidation state for cobalt
in Co™-G, ,L,@SCMB.>?

The detailed composition, morphological structure, shape &
size of the Co™G,,L,@SCMB and Mn"-G, ,L,@SCMB were
ascertained by FESEM and TEM studies (Fig. 4). From Fig. 4

© 2022 The Author(s). Published by the Royal Society of Chemistry

inferred that surface morphology of nano dendrimers were
smooth spherical shape covered by an even distribution of
nearly spherical particles, with average diameters near 26-
30 nm. Also, the SEM micrographs shown in Fig. 4 indicate that
each core-shell nanodendrimer has heterogeneous surface
which forms irregular agglomerated globules with diameters
from 50-100 nm. This agglomerate formation reveals that the
surface energy of the samples is relatively strong. In fact, the
surface modification over SCMBNPs by organic molecule and
metals can be adjudged from its appearances.”®* The elemental
mapping obviously exhibit that metals dispersed uniformly on
the surface of naked SCMBNPs as shown in Fig. 4 https://
www.nature.com/articles/s41598-018-19551-3 - Fig. 1. Further,
the mapping analysis of individual elements illustrate the
presence of the anticipated elements in the chemical
composition of the nano dendrimers, namely C, N, O, Si, Fe,
Co and Mn. The TEM images of samples shows the most
determined particle sizes are in the nanometer ranges and the
nano particles are distributed across the naked SCMBNPs
surface.

3.2. Identification of LML

The atom numbering, FT-IR, "H NMR & *C NMR spectra of the
Lac, LauA, and LML are depicted in Fig. 5. FT-IR spectra of Lac,
LauA, and LML are shown in Fig. 5A. As it is seen in the spec-
trum of LML, the structure is verified by the IR bands located at
3300-3400 cm ™" (vys O-H), 1724 em™ ' (v,s C=0), 700-740 &
1472 em ™' (0, CH,), 1372 cm ™' (0, CH3), and 1050-1070 cm ™"

RSC Adv, 2022, 12, 32280-32296 | 32287
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Fig. 4 (A) Microscopic analyses of Co"-G,ol,@SCMB (A-1) SEM, (A-1l) SEM-map, (A-lll) TEM image, (B) microscopic analyses of Mn'-
Go0L,@SCMB (B-1) SEM, (B-11) SEM-map, (B-Ill) TEM image, (C) TEM image of recovered Mn"-G, oL,@SCMB (C-1) after 3 run, (C-I1) after 5 run, (C-

I11) after 6 run.

(vas C-0). By comparing the spectrum of LML with Laua, it is
clear that the carbonyl bond in the LauA at 1695 cm ™" (v, C=0)
shifted to 1724 em ™" (v,s C=O0) in spectrum of LML.*>*” These
results confirm that the LML is successfully synthesized by the
esterification reaction of Lac and LauA in the presence of
nanodendrimers and molecular sieves. Analysis of "H NMR and
BC NMR illustrated that the LML esterified at the C6' carbon
with Lac (Fig. 5B and C). The chemical shifts (6 ppm) in 'H NMR
(400 MHz, ds-DMSO) of LML observed at 6y = 0.84 (s, 3H, C-
12L), 3.9-5.1 (s, 3H,C-12L), (m, 8H, C-2 to C-5 & C-2' to C-5),
1.32-4.4 (m, 3H,C-2L to C-11L), 1.32-4.4 (m, 3H,C-2L to C-11L),
6.4 (s, 1H, C-1), 6.7 (s, 1H, C-1). Also, the characteristic signal in
3C NMR (75 MHz, de-DMSO) of surfactant appeared at 6¢c =
173(C-1L), 104(C-1), 92(C-1), 81(C-4), 73(C-5"), 72.7(C-3"), 64 (C-
6'), 83(C-5), 89(C-4), 34(C-2L), 25(C-3L), 28-30(C-4L to C-11L),
14(C-12L). The results illustrate that position of esterification
is C-6". The reasons for this regioselectivity are the following: (1)
the order of esterification reaction are alcohol 1° > alcohol 2° >
alcohol 3°, based on this order, the C-6' and C-6 have more

32288 | RSC Adv, 2022, 12, 32280-32296

sterically available instead of -OH in other position of the
lactose, (2) a downfield shift of C-6"in ">*C NMR from 61 in Lac to
64 in LML and the upfield shift of C-5 from 75 in Lac to 73 in
LML indicates the occurring of reaction at C-6'. The comparison
between spectra obtained for surfactant and raw material
(Fig. 5) illustrated that the appeared signals for LML were
almost identical to those of literature.™ It should also be stated
that the signals of solvent (DMSO) have appeared in 39.5 and
2.50 in *C NMR and "H NMR, respectively.”'* Therefore, it can
be concluded that the NMR spectra also confirm the reported
data for the catalytic synthesis of LML by nanodendrimers
(Fig. 5B and C).

Fig. 5D depicts the HPLC chromatograms of the reaction
mixture for the catalytic synthesis of LML by Co"™-G, ¢L,@SCMB.
In both HPLC chromatograms, peaks of Lac, LauA, and LML
have been identified. With LauA as an excess substrate, LML
conversion can be measured by the decrease in LauA amount
using a calibration curve. On the other hand, with Lac as
a limiting substrate, the yield reaction (%) can be calculated by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (A) FT-IR spectra of Lac, LauA and LML; (B) *H NMR (400 MHz, dg-DMSO) of Lac, LauA and LML, (C) 3C NMR (75 MHz, dg-DMSO) of Lac,

LauA and LML; (D) HPLC chromatograms of the reaction mixture of Lac

(actual yield/22.7) x 100 formula. The evolution of the LML
peak over time is fast (14-15 min), attaining a conversion (yield)
of 92.5% (87%) and 89.4% (83%) in the presence of Co"-
G, 0L,@SCMB and Mn'"-G, (L,@SCMB at 8 days, respectively.
The conversion and yield of the esterification reaction are
higher in the beginning, even so, attains a plateau after 6 days,
which is presumably related, principally, to the reversibility of
the esterification reaction. As depicted in Table S2,f the
conversion and yield of the esterification reaction were higher
when pure lactose (PLac) was utilized with a Lac-to-LauA ratio of
2:1. The results revealed that the esterification reaction
conversion was much slower in the case of raw lactose (RLac)
from whey. Whey is a byproduct of the manufacture of cheese or
casein that consists of lactose, a-lactalbumin, B-lactoglobulin,

© 2022 The Author(s). Published by the Royal Society of Chemistry

and LauA in (DI) 6 day (DII) 8 days, flow rate is 0.2 ml min~2,

immunoglobulins, bovine serum albumin, bovine lactoferrin,
and lactoperoxidase and minerals, which can occupy the vacant
orbitals of active centers on the nanodendrimers by lone pair
electrons of sulfhydryl, hydroxyl and amine groups. This
phenomenon caused to inactivation of Co™-G, (L,@SCMB &
Mn"-G, ,L,@SCMB as catalysts. Fig. 5D displays the evolution
of the LML peak in the HPLC chromatograms with time, and
Fig. 5 depicts the conversion and yield reaction at different
times of the esterification reaction in the presence of Co'-
G,.0L,@SCMB and Mn"-G, (L,@SCMB. The appearance of the
LML peak is evidently seen as well as the decreasing LauA
amount over time. Also, doublet LML peak and multiple LauA
esters peaks were not observed in the HPLC chromatograms of
mixture reaction.”** These results illustrate that the Lac is not

RSC Adv, 2022, 12, 32280-32296 | 32289
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able to esterify with multiple LauA in the reactions catalyzed by
Co™-G, (L,@SCMB & Mn"-G, ,L,@SCMB. It seems that the LML
synthesized is too bulky to be able to reach the active center on
the Co™-G, ,L,@SCMB & Mn"-G, ,L,@SCMB to construct a di-
or multi-ester lactose, thereby this condition leads to the
selective synthesis of LML.

3.3. Effect of pivotal factors in synthesis of LML

The reaction time, temperatures, and type of solvents cause the
change in solubility as well as the chemical kinetic reaction
mechanism, synthesis rate, catalyst stability, and activity. The
LML is the only compound in the reaction mixture which
doesn't construction hydrogen bonds, and so it has the weakest
intermolecular forces. Large esters such as LML compound
compared to small esters tend to construction more slowly.
Therefore, in these case, it be necessary to heat the reaction
mixture under reflux condition for some time to produce an
equilibrium mixture. According to the previous literature,*® the
reaction temperature profile was evaluated within a tempera-
ture range between 40 °C and 55 °C at the below the melting
point of the applied solvents. The reaction rate improved upon
the increase of temperature from 40 °C to 60 °C, due to the
increase in the frequency of efficient collisions between the Lac
and LauA molecules.

Fig. 6 shows the effect of various solvents on the catalytic
synthesis of LML with the investigated nanocatalysts. It was
assessed that the different solvents had strong effects on cata-
lytic activity and selectivity. In order to evaluate the influence of
the nature of solvents on the syntheses of LML, solvent
including ACN (acetonitrile), EtOH (ethanol), THF (tetrahydro-
furan), ACTN (acetone), n-HX (hexane), and 2M2B (2-methyl-2-
butanol) were used. It illustrates that the change of solvent
nature (polar or non-polar) leads to the change in conversion,
yield, and selectivity. The lowest conversion was obtained in
2M2B and EtOH since these solvents will participate in
competitive adsorption on the catalysts active sites hindering
the formation of LML. Selectivity of LML also decreased
because, under this condition, the di/multi-ester lactose may be
synthesized. ACTN and ACN they had the highest catalytic
efficiency for LML synthesis. The reasons could be (1) they are
polar and are not coordinating solvents and cannot block the
catalyst (2) Lac has good solubility in these solvents (3) manu-
facture the catalyst-substrates intermediate is stable in these
solvents and can be homogeneously dissolved and react in the
liquid-phase media.”*

The Co"-G, (L,@SCMB displays higher catalytic activity in
LML synthesis in comparison to Mn"-G, (L,@SCMB (Table 1).
The conversion and yield of LML synthesis by dendritic catalysts
increased in the following order: Mn"-G, (L;@SCMB < Mn"-
G, oL,@SCMB < Mn'-G, (L,@SCMB < Co0™-G, ,L,@SCMB.
Higher electronegativity of Co™ in comparison to Mn™ in the
dendritic framework has been responsible for higher conver-
sion and yield. In regard to yield and conversion (Table 1),
several factors such as more electron density and the existence
of vacant orbitals in Co, cause faster generation of intermedi-
ates, weakening of the metal-compounds bond, and facilitate
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the release of LML from the surface of the dendritic catalyst and
make Co-catalyst more active than Mn-catalyst in our catalytic
system.*® In fact, the two more valence electrons in cobalt
significantly change the electronic structure independent of the
nature of the substrate and linker. Differences in yields appear
to be related, principally, to the synergy and reactivity of metal
and probably reflect a more appropriate orbital availability
arising from occupancy by electrons due to spin states that
simplify interaction with the substrates.?***> The comparison of
catalytic performance in the same reaction condition reveals

© 2022 The Author(s). Published by the Royal Society of Chemistry
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that in addition to the ligand and active center of catalyst, the
difference in the nature and length of linker could affect the
catalyst activity (Mn"-G,,L;@SCMB < Mn'"-G, (L,@SCMB <
Mn"-G, ,L,@SCMB < Co"-G,(L,@SCMB). It seems that the
long length linker increases flexibility on the surface of pristine
through the increase of distances between terminal ligand and
surface of SCMBNP. This flexibility causes an increase in
loading metal on the periphery of the dendritic catalyst (Table
S17). The long linker promotes surfaces hydrophobicity of the
dendritic catalysts which reduce the interaction of the metal
with the host pristine and make the catalytic sites more reach-
able to the substrate [58 and 59]. Moreover, steric effects, the
electronic effects of the ligand-metal, electrostatic interactions,
and the metal synergy effect, apparently are other functional
parameters for the variation in the catalytic efficiency of the
synthesized dendritic catalyst.>**?

3.4. Surface-active properties

Non-ionic LML as a biosurfactant is a molecule that combines
either hydrophilic head and lipophilic parts (or polar & non-polar
groups) and the balance of these groups is introduced as the HLB
value. HBL value measured by eqn (1) is a criterion that influ-
ences the choice of surfactants for an intended formula, that is
W/O or O/W emulsions. Based on HLB values for LML (Table 1),
in addition to the facilitation of emulsification, adding LML can
also improve the physical stability via adsorption at the O/W
interface, decreasing the IFT and impeding the droplets from
aggregation.’®'*** In colloidal and surface chemistry, the CA (°) is
the angle formed between the surface and the line tangent to the
edge of the drop of the water. Another important characteristic
parameter for assessing the efficiency of a biosurfactant is the
CMC point, which is defined as the concentration of a bio-
surfactant above which micelles spontaneously form. Below the
CMC point, the SFT decreases with increasing biosurfactant
concentration, and above this point, the SFT is extensively
independent of the concentration of surfactant. In fact, the
addition of a surfactant decreases the interface energy and
removes the hydrophobic moiety of surfactant from contact with
water. Several parameters such as amphiphile chain length,
nature, and structure of the hydrophilic group, temperature, and
purity of surfactant have the main influence on the CMC point of
surfactant.”' One of the illustrious properties of surfactants is
diminishing the SFT and IFT of a liquid by decreasing intermo-
lecular forces. Because the force of attraction between the
surfactant and water is less than water and water, therefore,
physicochemical properties of the synthesized surfactants were
measured and then compared to other literature. The SFT curves
for the LML synthesized by Co-G,,L,@SCMB and Mn-
G, oL,@SCMB are shown in Fig. S1.f Table 1 lists the CMC, ycwmc,
and vy, that were obtained from the SFT diagrams. Due to
different conditions of LML synthesis (types of catalysts and
solvents), the synthesized LMLs exhibited different purities
which caused the difference between CA, IFT, SFT, CMC, Ymin
and ycmc values (Table 1 and Fig. S1}) in synthesized LMLs.
The data of SFT versus the different concentrations of LML
were graphed to obtain the CMC, 7 in, and ycmc values. As can

© 2022 The Author(s). Published by the Royal Society of Chemistry
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be seen in Table 1 and Fig. S1,T the LML that was synthesized in
ACN by C0"-G,.,L,@SCMB showed the lowest SFT, IFT, and
CMC, comparable to the LML synthesis by Mn"-G, (L,@SCMB.
As shown in Fig. S1,t the obtained results of CMC, which is 0.55
for LML synthesized by Co™-G, (L,@SCMB, and 0.63 for LML
synthesized by Mn"-G, ,L,@SCMB are in good accordance with
other reports.>* As a result, the aqueous solutions of LML were
able to reduce the SFT and IFT, which were lower than those of
water (SFTy o = 67.30 mN m ™' and IFTy o = 20.80 mN m ™)
and comparable with SDS (sodium lauryl sulfate) with SFTsps =
39.10 mN m ! and IFTgpg = 4.90 mN m™ .7

The AG of surfactant adsorption, is surface excess of Gibbs
thermodynamic potential and is widely applied as a basic
thermodynamic characterization of surfactant. The I" (eqn (6)),
A (eqn (7)), and AG (eqn (8)), of LML for Co™-G, ,L,@SCMB (and
Mn"-G, (L,@SCMB) are 1.09 x 107> (1.12 x 10 °) mol m 2,
14.7 (14.9) A* and —30.54 (—31.76) kJ mol *, respectively. The
surface properties of the synthetized LMLs are comparable with
the ones fabricated by other researchers.” These results illus-
trate that our catalytic synthesis of LML is a successful
approach.

The FA and FS for various concentrations (0.1 to 0.6 g L™ ') of
the aqueous solution of LML were assessed at room tempera-
ture. As shown in Fig. S21 and 6, the FA and FS increased
significantly as the concentration of LML enhanced from 0.1 to
0.6 g L', At a higher concentration of LML, the viscosity of the
solution was ameliorated. As the viscosity increases, bubbles
form with difficulty and the speed required for decreasing the
thickness of film in the interface of oil and water is reduced.
Therefore, this phenomenon principally causes the delay in the
rupturing of bubble film.

It is illustrated that the hydrophobic moiety of surfactant
was a principal parameter influencing foaming property.
Apparently, the surface-adsorbed molecules of surfactant have
significant interaction with each other."* LML has a low SFT at
equilibrium and exhibits special FA and FS, because it is able to
rapidly transfer to the interface to constitute small bubbles with
a long half-life time. Additionally, the FS was affected by the
concentration of the aqueous solution of LML and standing
time. At LML concentrations over than 0.5 g L™" the FS is
reduced about 17% during standing time for 40 min. Thereby,
LML showed the good FS at concentrations over 0.5 g L™ ", as the
foam height descended slowly (Fig. S21 and 7).

Emulsions are composed of two phases and surfactants are
of main ingredients of a stable emulsion. The addition of
applicable surfactants affects the stability of emulsions by
reducing the IFT between oil and water phases.** EmA and EmS
are explained as the system's ability to keep its physicochemical
properties unchanged over time. Several phenomena such as
coalescence, creaming, flocculation, Ostwald ripening are
responsible for the destabilization of emulsions.”?* In this
research, the soybean O/W emulsions (20%) were prepared with
a LML content of 0.02% and 0.05% in the aqueous phase, in
order to evaluate the influence of the LML on stabilizing of the
emulsions. In control samples (emulsion without LML), three
layers (oil layer on top, a creaming layer directly underneath,
and a clear layer at the bottom) were observed, while, the LML
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containing emulsions showed no visible oil and clear layers.
The EmAs value (eqn (4)) of LML illustrated that LML was effi-
cient for emulsifying the soybean O/W system. The EmAs values
(eqn (5)) of synthesized LML by Co0"-G,.,L,@SCMB & Mn"-
G,.0L,@SCMB were 54% & 52%, respectively. On the other
hand, the results indicated that the EmS by Co™G,.,L,@SCMB
& Mn"-G,.,L,@SCMB were 72% & 69% after 24 h at 25 °C,
respectively. This data confirmed that LML obviously improved
the stability of O/W emulsions. The EmS of synthesized LML
exceeded 93% and 91% from 0.5 to 2 h for Co™-G,.,L,@SCMB &
Mn"-G, ,L,@SCMB, respectively. Also, the O/W emulsion con-
taining LML had no visible oil or clear layers after 5 days.
Indeed, the suitable HLB value (14.1) of LML (0.5 g L") allows
oil droplets to be stabilized in soybean (20%) emulsion.
However, the HLB is not the only factor in the suitability of an
emulsifier. On the other hand, LML with moderate hydrophobic
moiety has suitable CMC & HLB values and as result is able to be
adsorbed at the O/W interface and create consistent surface-
interface stability over time.**?**%*” The emulsifying effects of
LML and shrinkage of soybean oil droplets were evaluated with
TEM & DLS. Decrease of particle size, effective absorption on O/
W interface and increase of SFT & IFT occurred when LML was
added to the emulsion (20%). Fig. 8 exhibits that a significant
number of the droplets are sized up to 10 um. In case of 20% O/
W control emulsion (without LML), the oil droplets were sized
between 0.0 and 3000 um. Furthermore, emulsions containing
0.5 ¢ L' LML produced narrow distributions range (day 0),
which shifted to wide distribution over time (day 6). Regarding
the small size and uniform shape of the oil droplets (Fig. 8 C-E),
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the probability of coalescence and flocculation of oil droplets
are almost low. Additionally, the morphological change of the
emulsion (20%) was completely consistent with the DLS results.
In the presence of LML, the number of micro-droplets (observed
as black dots) has increased while the coalescence and floccu-
lation of soybean oil occurred over time. After 7 days (Fig. 8E),
the oil micro-droplets were flocculated and consequently
generated the bulk droplets, illustrating the occurrence of
emulsion destabilization.

Generally, these results illustrated that the synthesized LMLs
have outstanding emulsion stabilizing properties comparable
to Ryoto sugar ester L-1695 (sucrose laurate) & Tween-20 (poly-
sorbate 20) as control industrial emulsifiers.” Comparison of
emulsifier properties of Ryoto sugar ester L-1695 (HLB = 16.0,
CMC = 0.44 mM, droplet distribution ranges 0.5-2 um) &
Tween-20 (HLB = 16.7, CMC = 0.42 mM, droplet distribution
range 0.8-2 pm) with as-prepared emulsifier confirmed that
LML had an excellent performance regarding the decrease of
SFT & IFT of the prepared emulsion.

3.5. Proposed pathway for synthesis of biosurfactant

As shown in Scheme 1, coordination of the lactose (via the
hydroxyl oxygen) and the lauric acid (via the carbonyl oxygen)
requires Brgnsted acid sites on the catalyst (step 1). Next,
carboxyl oxygen coordinated to metallic site (Mn/Co) to give
delocalized carbocation making the carbocation a better elec-
trophile (step 2 and 3). The nucleophile species (the lactose OH)
can subsequently attack to the carbonyl group of LauA and
produce a reactive tetrahedral intermediate (step 4) and trans-
ferred the H' to the OH groups to form a good leaving group
(H,0). The hydroxy group's lactose oxygen atom donates a pair
of electrons to a carbon atom which makes a 7 bond by elimi-
nating H,O.

Then, H,O0 eventually adsorbed by molecular sieves (MS) to
shift the equilibrium to construction of the LML (steps 4 and 5).
In this steps, enhanced amount of H,O in reaction medium
might have two negative effects, one deactivation of dendritic
catalyst by blocking of active site with H,O, and the second the
reaction of reagent with itself. Furthermore, increasing the
number of H,O molecules can decrease the yield of the reaction,
the MS have a critical role in enhancing of esterification rate.

3.6. Reusability study

We investigated the stability and reusability of Co™
G,,0L,@SCMB and Mn"-G, ,L,@SCMB in the synthesis of LML.
When the reaction was complete, the magnetic nanodendrimer
was separated by an external magnet. The isolated catalyst was
washed three times with EtOH and ether, and then vacuum-
dried for the next reaction. We performed three reuses and
found that the performance of the nano dendrimers was almost
unchanged (Fig. S31). The structure and morphology of the
recycled catalysts were studied by ICP-OES, AAS, FT-IR, XRD,
and TEM. Additionally, ICP-OES and AAS analysis were per-
formed and the leaching of metal was estimated. The obtained
data indicated that the percent of leached Co™ and Mn" of spent
dendritic composites were 8.12 + 0.13% and 9.35 + 0.11%,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively. Also, the XRD analyses and FT-IR of the recovered
catalyst showed little change compared to the fresh catalyst. The
comparison of XRD analyses of samples showed that some
peaks shifted slightly. This shift can be related to distortion of
crystalline structure in consecutive runs. TEM images showed
that the catalyst was nearly spherical before and after the 5
reaction times. Notably, small aggregates on metal can be
observed, which could stem from recycling (Fig. 3C). Since,
leaching of the active species from the catalytic system is
a serious problem and can challenge the heterogeneous prop-
erties of the catalysts, a Sheldon test was carried out to
demonstrate the heterogeneity of the system. In this regard, the
catalyst removed from the reaction medium after 1 day from the
start reaction. Results confirmed that no further progress in
surfactant production was done, which illustrate that the cata-
lysts are heterogeneous. Co" or Mn" ions grafted on the
SCMBNPs and used as catalyst for improving the coordination
of metals with metformin. The result showed that the conver-
sion and yield of biosurfactant production are trace which is

© 2022 The Author(s). Published by the Royal Society of Chemistry

similar to the conversion and selectivity in the absence of
catalyst. The mentioned data illustrated that the LML synthesis
occurs due, certainly, to the catalytic nature of the nano-
structured organic-inorganic hybrid catalysts.

3.7. Uniqueness of our protocol

To illustrate the distinctiveness of our developed protocol, we
compared our results with other reports. Enzymes as industrial
biocatalysts provide many advantages (such as functioning in
mild reaction conditions, high product chemoselectivity, great
turnover number and low environmental and physiological
toxicity) compared to traditional chemical procedures (such as
concentrated mineral acids),* but being costly, loss in catalytic
activity, high sensitivity to denaturation, physical and chemical
conditions (e.g., temperature, pH etc.), being unrecoverable &
reusable, and mass transfer limitations are of their disadvan-
tages for industrial applications. Although immobilization of
the enzymes can partially eliminate disadvantages such as
recoverability and improve their stability in broader range of

RSC Adv, 2022, 12, 32280-32296 | 32293
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Scheme 1 Plausible mechanism of biosurfactant synthesis by the Co/Mn encapsulated on MBNP core/dendrimers shell composite.

operating conditions, but still their costly, arduous and time-
consuming preparation are challenging.**** On the other
hand, the chemical catalytic systems (e.g., metal oxide, resins,
clays, and zeolites etc.) have been utilized for the synthesis of
sugar esters. The main advantages of these catalysts over
enzymes are their simplicity, availability and their cheaper
price.”**> However, their catalytic procedures are carried out in
harsh condition reaction (e.g. high temperature, long reaction
time etc.) and produce di- or three esters as by-products. Zeolites
become inactive by irreversible adsorption, steric blockage of
heavy secondary molecules. They have low reusability and have
unsuitable microspores for bulk molecules.** The comparative
study with other catalytic systems depicted that our system has
the advantages such as less viscosity than multifunctional
organic polymeric catalysts, heterogeneous nature of cata-
lysts,>** availability of catalytically active (metal) centers, solu-
bility in organic media due to hydrophobic arms,*” simple and
low-cost chemical synthesis method, the possibility to use
accessible compounds for fabrication on the small size,
tremendous surface area-to-volume ratio,'* the stability against
leaching, thermal and chemical stability,* longevity of catalyst,

32294 | RSC Adv, 2022, 12, 32280-32296

mild condition reaction and less time to esterify,” excellent
conversion and chemoselectivity (specially 6-O-acyllactose
esters). Therefore, using of hybrid nanodendrimers as catalytic
systems can be suggested as a novel approach for practical
applications.

4. Conclusion

C0"-G, (L,@SCMB & Mn"-G, (L,@SCMB are novel synthetic
catalysts characterized by their branched structure that have
a focal magnetic core and possess a large number of exposed
metallic terminals on their surface, which lead to the formation
of hydrophobic arms. They are nanometric catalysts that are
radially symmetric, globular, mono-dispersed, and heteroge-
neous. For the first time, the results of the present study
introduced that the hybrid SCMBNP core/shell dendrimers
containing isolated Lewis acid sites and molecular sieves
cooperatively catalyze the regio-chemoselective synthesis of
lactose-based biosurfactant. LML is a high-value-added product
of lactose and lauric acid reaction and represents a class of
biodegradable, non-ionic, low-molecular-weight surfactants

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(emulsifiers) that has considerable potential in the food,
cosmetic, and pharmaceutical industries. This study illustrated
that increasing the carbon chain length (L1 & L2) of the linker
principally causes more loading of the metal and creates
hydrophobic arms on magnetic pristine that is the most
important factor influencing the catalytic activity. On the other
hand, the difference between the operation of Co"-
G, oL,@SCMB & Mn"-G, ,L,@SCMB is due, principally, to the
difference in the synergistic effect, redox potential, electroneg-
ativity, and the electronic structure of active sites. To authen-
ticate the catalytic efficiency, the Co™G, (L,@SCMB & Mn"-
G, oL,@SCMB were applied in the synthesis of biosurfactant by
reacting PLac and RLac (derived from whey) with LauA. The low
conversion and yield of the RLac are most probably related to
the occupation of an active center by coordinating group of B-
lactoglobulin, a-lactalbumin, and bovine serum albumin in
whey. To elucidate the authenticity of this hypothesis, purity of
synthesized LML, structural analysis (FT-IR, 1H NMR, 13C
NMR, and HPLC), and surface properties (HLB, CA, IFT, SFT,
FA, FS, EmA, EmS, I', and AG) were estimated and compared to
other reports. The results indicated that all properties of the
synthesized biosurfactants were in accordance with previous
reports. The LML showed a low CA, SFT and IFT compared to
the typical surfactant and water. Also, foamability, foaming
stability, oil-water emulsifying ability and emulsion stability
illustrated that LML is a favorable biosurfactant. Therefore,
LML has a high potential for use as a biosurfactant for food and
other industries. Additionally, the Co™G, (L,@SCMB & Mn"-
G, oL,@SCMB could be successfully recovered by a magnetic
bar and reused for 5 reaction times with a slight loss of catalytic
efficiency.
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