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Herein we present a green procedure to obtain cellulose (Cel) polymers with different physicochemical
properties at high purity, and underline its two major aspects: sustainability and efficiency. In the first
place, regarding sustainability, the source of Cel was residues from agar industries, which are based
on red seaweed and hence free of lignin, thus facilitating the extraction of Cel. In the aspect of
efficiency, a continuous extraction/reaction system was used to obtain pure Cel from these residues.
The extraction/reaction device used in this study normally works in a liquid-liquid extraction fashion,
but in this particular case it was successfully employed as a liquid-solid system. This methodology is
important, because it concomitantly reduces the time of extraction/reaction procedures in the same
flask and also minimizes the amount of solvent used. Thus high purity Cel was obtained using a
continuous and minimal solvent extraction/reaction system in neutral/acidic/basic conditions leading
to Cel,/Cel,/Cel, polymers in 42/34/43.3% yield. These materials were characterized by '*C cross-
polarization magic-angle spinning (CP-MAS) NMR, Fourier transform infrared spectroscopy (FT-
IR), CHNS elemental analyses, X-ray diffraction (XRD), size exclusion chromatography (SEC) and
compared against microcrystalline cellulose (MCC), confirming chemical integrity. Crystallinity index
(CI [%)]), was obtained from XRD/CP-MAS NMR data. All samples had slightly higher crystallinity
than that of MCC. Molecular weight (My, g mol '), polydispersity index (PDI) and degree of
polymerization (DP) for Cel,, Cel,, Cel,, polymers were all higher than those in MCC. Compared to
MCC, the physicochemical characteristics of the isolated Cel polymers varied depending on the
treatment, neutral being the mildest. The greener procedures developed herein provide Cel suitable

for research and development of Cel derived substances.

Introduction

Cellulose (Cel) is the main structural component of plants and
algae, as well as one of the most abundant and renewable
biomolecules.'? It is a widely used polymer in the chemical,
pharmaceutics and fuel industries, but its extraction from higher
plants is limited by the presence of lignin, which is a very
recalcitrant biopolymer.> In contrast to higher plants, some
algae,* including red algae (Rhodophyta), do not contain lignin
hence Cel extraction from algal resources is a simple alternative
to the methods of extraction from plants. Red algae belong
to the Protist kingdom, superphylum Algae and phylum
Rhodophyta. Most red algae are multicellular, autotrophic and
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photosynthetic seaweeds. They have a double cell wall, their
external wall being formed mainly of long chain polysaccharides,
predominantly Cel, while the internal wall is constituted by
xylans, mannans and sulfonated galactans.”” Rhodophyta also
contain phycoerythrin, a red protein, which is responsible for
their characteristic red tint. This phycoerythrin masks the green
color from the chlorophyll in these algae.® Rhodophyta are easily
cultivated in situ and are therefore widely used in industry.>"-!°
Some industrial products from these algae include antibiotics,
fertilizers, agglutinants, forage, laxatives, clarifying agents and
saccharides, such as glucose.!' However, Rhodophyta are mainly
used in the food industry for the extraction of hydrocolloids, also
called phycolloids.® The most important phycocolloids are agar
and carrageenans. Agar and carrageenans are natural high
molecular weight polysaccharides that provide the structural
support in the cell walls of the algae. The two main Rhodophyta
used in the agar industry are Gelidium sp. and Gracilaria sp.,
other minor algae include Pterocladia sp., Gelidiella sp.,
Aconthopeltis sp. and Annfeltia sp..">'* In general, these algae
are called agarophytic. As of 2009, the annual world production
of agar was 12 500 ton."® In Mexico, the annual production of
agarophytic algae is estimated as 5153 ton (hydrated algae) per

12286 | RSC Adv., 2012, 2, 12286-12297

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ra22185c
http://dx.doi.org/10.1039/c2ra22185c
https://doi.org/10.1039/c2ra22185c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA002032

Published on 25 September 2012. Downloaded on 7/6/2020 3:40:35 PM.

View Article Online

year.'® The agar production is calculated to be about the 25%
(dry weight) of the algae and represents approximately 582 tons
per year.!” The main species used for agar and carrageenan
production in Mexico are Gelidium robustum, Gracilariopsis
lameniformis and Chondracanthus canaliculatus.">"  Agar is
formed by agarose and agaropectin, the proportion of each
fraction depends on the origin of the algae. Agar is an excellent
viscosity modifier, gelling agent, emulsifier and stabilizer."'
Apart from its use in the food industry, the agarose fraction of
agar is also used for separations. The agarose matrix (a linear
polymer) is considered an ideal medium for polymer diffusion, as
it is a neutral polysaccharide and is therefore adequate for gel
electrophoresis and chromatography. Agar is also a very
important product in bacteriology, where it is used as a
microbiological culture media due to its gelling thermal
reversibility. All methods used for agar extraction are based on
common methodologies, including manual cleaning, drying and
boiling in water for at least three cycles. This is followed by an
acidic treatment at pH 4 with either 1% H,SO4 or 10% acetic
acid. The samples are then filtered and finely ground.”'*>*! It is
worthwhile mentioning that the algae does not degrade
completely during agar extraction. The extraction of the
phycocolloid mainly affects the internal wall leaving behind the
external (Cel-rich) wall as residue. Consequently, it is possible to
process the low-value residues of the agar industry as a source of
Cel, opening the possibility of obtaining products of added-
value.?>?* Cel extraction in seaweeds is commonly done in vials
or a Soxhlet equipment, with large amounts of solvents and over
long periods of time.>**® However, there is a more convenient
system, which is commonly used in liquid-liquid extractions
for the recovery of organic traces, mainly contaminants or
pesticides. This system achieves continuous solution enrichment
and consequently an optimal extraction of different pro-
ducts.?®?” Additionally, this system has other advantages: the
use of solvent is minimized, it has a recovery of about 85% or
even more, and the time of extraction is reduced.’®?° For all
these reasons this is an environmentally friendly option and is
also a low energy consuming method. This type of system was
only used in liquid-liquid preconcentration/extraction, but in
this work we have successfully used it in a solid-liquid system for
the extraction of all organic and inorganic non Cel related trace
compounds in agar residues. The extraction of Cel from these
residues was achieved under neutral, acidic or basic conditions
and it was facilitated due to the absence of lignin and other
polymers of different molecular weights. The extracted Cel
samples were characterized by FT-IR, '*C CP-MAS NMR,
CHNS elemental analyses, XRD and were compared to a
commercial MCC. The CI was obtained from XRD and NMR
data. Properties such as crystallite sizes, molecular weights and
polydispersity indices for each of the extracted samples are also
reported.

Experimental section

The residues from agar industries and seaweed were kindly
donated by Agarmex (Ensenada, Baja California, Mexico). Ultra
pure water with 18 mQ resistivity was obtained from a water
purifying system (Milli-Q synthesis, Millipore, France). Unless
otherwise specified, all reagents listed below were purchased

from Sigma-Aldrich (Milwaukee, WI, USA). MCC of high
purity with a particle size of ca. 20 pm (powder), methanol
(MeOH, reagent grade >99.8%), hydrochloric acid (HCI, reagent
grade, assay 37%), sodium hydroxide (NaOH, reagent grade,
assay 80%), sodium chlorite (NaClO,, technical grade, assay
80%), potassium bromide (KBr, reagent grade, >99.0%), lithium
chloride (LiCl, anhydrous, >99.9%), N,N-dimethylacetamide
(DMACc, Chromasolv plus-HPLC, >99.9%). The acetate solution
(pH 5) was prepared by mixing 357 mL (0.2 M acetic acid, reagent
grade >99.7%) and 643 mL (0.2 M sodium acetate) of free and
metallic acetates respectively. Vanadium pentoxide (=>99.9%) was
purchased and used as received from Thermo Scientific (Waltham,
MA, USA).

Residues cleaning

The residues from the phycocolloid extraction have some
impurities such as sand, salts and calcareous deposits in the cell
wall, which form part of the exoskeleton of the algae, shells and
other organisms. The residues also contain sulfolipids, phycobi-
liproteins (pigments), nucleic acids, D-xilose and Cel.*® Therefore
a pre-extraction conditioning was necessary to ensure homo-
geneity in the samples. The sample conditioning consisted of
several steps, including manual cleaning, salt elimination by
washing with ultrapure water, drying, grinding and sieving. A
detailed description of each step is given below.

Manual cleaning

The manual cleaning of the samples consisted of eliminating the
remaining calcareous material, shells and other organisms prior
to the next step. Sieving was also necessary to eliminate some
salts and sand.

Salt elimination

The residues were washed at room temperature to eliminate the
remaining sand, salts and chemicals used during the agar
extraction. For the washing, 100 g of sample were suspended
in 1 L of ultrapure water and shaken. Water was exchanged
every 24 h over two days. After this period of time, it was
exchanged every 72 h. Important variables such as pH,
conductivity and total dissolved solids were measured before
each water exchange until the final readings of pH and
conductivity were those for ultrapure water. The complete
washing of the residues was achieved after 250 h. Once the
samples were cleaned, the excess of water was removed and the
solids were dried in an oven at 65 °C until they were at constant
weight. The dried samples were ground, strained through a 70
mesh sieve and stored under dry conditions.

The isolation of Cel from the agar industry residues was
accomplished in a very similar fashion to the extraction of Cel
directly from algae.’*3"3> However, some chemical and equip-
ment modifications were made. This new methodology reduces
both the time of extraction/reaction in the same flask and the
amount of solvent used for it. Two steps of the general treatment
described below were varied, namely the methanolic wash and
the bleaching, thus modifying the nature of the extraction
solvent using acidic, neutral or alkaline conditions. The general
extraction procedure consisted firstly of a methanolic wash (in
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neutral, acidic or basic conditions as mentioned above), then
bleaching followed by acidic and basic washings, and finally
neutralization and drying. A detailed description of each stage is
provided below. A continuous extraction system was used and,
in every step (Scheme 1), the reaction/extraction time was shorter
compared to the same procedure done in normal reaction vials.
Furthermore, the volume of solvents and chemicals was
minimized, as these were recycled and could also be recovered.

The extraction system contained a liquid-liquid reaction/
extraction glass apparatus with an extractor body (Scheme 1, a,)
consisting of a long necked oval flask with two side-arms, a
condenser connected from the neck of the extractor body
(Scheme 1, b) and a collecting round bottom flask (Scheme 1,
¢). The evaporator connector, a 90° side-arm (Scheme 1, a,)
located at the middle of the neck of the extraction body, is
attached to the collecting flask. As was already mentioned above,
the continuous extraction/reaction device that was used in this
work is of a liquid-liquid nature, but in this particular case it was
used for a liquid-solid system. It was designed to provide a
continuous extraction of the non-cellulose contaminants in agar
residues, which was achieved with free distilled solvent (due to its
evaporation and condensation from the collecting flask to the
extractor body that contained the residues, see Scheme 1, a).
The system is connected between flasks with a liquid decanter
and a Teflon®™ valve with a cotton filter allowing the flow of
soluble species (Scheme 1, a3).

Methanolic wash

During this step either an acidic (HCl) or a basic (NaOH)
reagent was added together with methanol, resulting in three
different extraction procedures. Cellulose samples (Cel,, Cel,
and Cely) with different characteristics were therefore extracted

Scheme 1 Continuous extraction/reaction apparatus. Left, the extrac-
tion system: extractor body (Flask 1) a;) solvent and solid deposit, a,)
evaporator connector, a;) solvent return line with Teflon valve, b)
condenser, c¢) collecting round bottom flask (Flask 2). Right, solvent
deposit with pure Cel after treatment.

depending on the nature of the methanolic wash. Cel, was
obtained in pure MeOH, Cel, in the MeOH + HCI extraction/
reaction system and Cel, in the MeOH + NaOH system. A
detailed description of each system is given below. The sieved and
clean residue sample (5 g) was placed in the solvent extraction
body (see Scheme 1, a;) together with the solvent (MeOH, 50 mL)
or solvent mixture, either MeOH + 10 uLL HCI per g of sample or
MeOH + 0.04 g NaOH per g of sample. The collecting flask
(Scheme 1, c¢) was also filled with solvent or MeOH mixture (50
mL). The contents of the collecting flask were heated to maintain
reflux, thus ensuring a continuous solvent exchange with the
extraction body. Optimal removal of methanol soluble contami-
nants in the sample was reached after four days.

Bleaching

The methanol/methanol mixture was removed and the sample
was bleached by adding 50 mL of acetate solution (pH 5) and 2.5
g of NaClO, to the extraction body. The sample was then heated
at 30 °C for 12 h. Subsequently, the samples were neutralized
with ultrapure water under reflux in the reaction/extraction
apparatus over 48 h. The aqueous solution was changed to
ultrapure water every 24 h.

Basic washing

After neutralization, the samples were subjected to a basic
washing in which 50 mL of an aqueous NaOH solution (0.5 M)
per g of sample were added. The samples were heated to 60 °C
over 12 h and neutralized following the same neutralization
procedure described in the bleaching step.

Acidic washing

The last step for the extraction was an acidic wash. 35 mL of an
aqueous solution of HCI (5% v/v) per g of sample were added. The
sample was heated to boiling and, immediately after this, the
samples were neutralized over 72 h with water changes every 24 h.
Finally, the extracted Cel was dried in an oven at 65 °C. Yields were
calculated, both on the basis of initial amount of agar residues (mg
extracted Cel per g residue) and taking into consideration the
amount of glucose (58.1%) in red algae Gelidium after agar
extraction as determined by Vigon, ef al. in 1994.%

Characterization
FT-IR

Cel,, Cel, and Cel,, were characterized by FT-IR (Pressurized
ATR accessory, Bruker Tensor 27 FT-IR spectrophotometer,
USA; the spectra were acquired after 1024 scans). The character-
istic IR absorption bands corresponding to O-H, C-H and C-O
chemical bonds present in the extracted polymers were used to
assess their chemical nature. Furthermore, the FT-IR spectrum of
MCC was used as standard for comparison purposes.

13C CP-MAS NMR

Common pulse sequence from Bruker was employed for the
acquisition of 1*C CP-MAS NMR spectra of Cel,, Cel,, Cel, and
MCC samples™ (ASX300 Bruker, 300 MHz and CP-MAS
probe) at 75.435 MHz.
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CHNS analyses

The elemental analyses of C, H, C/N and C/S were determined
using a CHNS/O analyzer Flash 2000 series from
Thermoscientific. Cel,, Cel,, Cel, and MCC samples were
weighed out ranging from 2.5 to 3 mg + 0.5 mg in tin capsules
and vanadium pentoxide (10 mg + 0.5 mg) was added as a
desiccant. The chromatograms were calibrated against a
methionine standard and the results were obtained as calculated
in percent of each element by the Eager 300 analysis software.

XRD

The XRD patterns of the Cel,, Cel,, Cel, and MCC samples
were measured in air at room temperature with a Bruker AXS™
D-8 Advance diffractometer with the Bragg-Brentano 0-0
geometry, Cu-Ko radiation, a Ni 0.5% Cugg filter in the
secondary beam, and a 1-dimensional position sensitive silicon
strip detector (Bruker, Linxeye). The diffraction intensity as a
function of the 260 angle was measured between 6.5° and 110°,
with a 20 step of 0.039° for 52.8 s per point.

Cristallinity indices (CI)

The CI of the Cel,, Cel,, Cel, and MCC samples was determined
through XRD and '*C CP-MAS NMR data analysis. In the
XRD diffractograms, two different methods were used to obtain
the CI. First, the Clxrp.pyr (cristallinity index by XRD-peak
high ratio) was calculated from the height ratio between the
intensity of the peak (Zjoo2-/iam)), and total intensity (/jpo2)) after
subtraction of the background signal, where I, is the point with
the highest intensity in the [002] peak, and /4y is the lowest value
of the depression between the [101] and [002] peaks.*® In the
second method, the areas of the crystalline and amorphous parts
were determined through integration and the Clxgp (cristallinity
index by XRD) obtained as the ratio of the crystalline area to the
total area (both amorphous and crystalline regions). In the
NMR spectra, two signals of the C4 carbon, at 89 ppm and at 84
ppm, characteristic of the crystalline and amorphous fractions of
the sample were used as reference to calculate Clyvr. The area
of the crystalline peak (from 87 to 93 ppm) was divided by the
total area belonging to both crystalline and amorphous C4 signal
contributions (from 80 to 93 ppm).*°

Crystallite average size (dp)

The dp of the Cel,, Cel,, Cel,, and MCC samples was calculated
from the Scherrer equation:

0.94

dp= A20 cos 0

where the wavelength source is A = 1.542 A and A20 is the full
width at half maximum (FWHM) height of the employed
reflection, in radians, for the planes [002] and [040].%7

SEC

Molecular weights and molecular weight distributions were
determined by SEC on an Agilent 1200 Series Modular Liquid
Chromatography (LC) system comprised of a quaternary pump,
a standard autosampler, a thermostated column compartment

and UV-Vis and differential refractive index detectors. The
stationary phase consisted of two PL-Gel 10 pm (7.5 mm id)
Mixed-B columns. Solutions for chromatography were prepared
with Cel : LiCl : DMAc (6.0 : 8.5 : 85.5),13 stirred for 72 h and
filtered with 0.45um polytetrafluoroethylene (PTFE) mem-
branes. DMAc with 8% w/v LiCl was used as eluent at a flow
rate of 1 mL min~! at 40 °C. The system was calibrated with
commercial narrow (Polymer Laboratories) pullulan standards,
molecular weight range 180 to 780 000 Da.** SEC traces were
analyzed to obtain M,,, M,, and PDI (M,,/M,,) with the Polymer
Labs Cirrus GPC/SEC Software Version 3.1.

Degree of polymerization (DP)

The DP was calculated taking anhydroglucose as the repeating unit,
and dividing M, with this monomeric molecular fragment weight.

Characterization and spectroscopic data

Agar residue

IR (v, cm ™!, ATR): 3652-2994 (O-H), 2927-2854 (C-H),1573-
1325 (C-Oco3), 1163 (C-O-C), 1056 (C-0O), 1028 (C-0O), 871
(C-Oc03), 713 (C=Oco03), 663. *C NMR (6, ppm): 177.1, 172.2,
168.3 (C=Opyoteins), 136.0, 129.2, 127.2 (Cyromaticiproteins) 105.0,
103.6, 101.2 (Cl1), 88.5 (Cdcryst), 83.5 (C4amorph), 74.4, 72.0 (C2,
3, 5), 647 (Coberys), 61.8 (COamorpn), 40.3, 304, 212
(Catiphaticfproteins)- XRD (°, 20 (count number) ,  5): 48.8
(1539) 016}, 47.5 (1635)01585, 43.3 (177912023, 39.5 (2115)113;, 36.1
(2019) 010, 29.5 (6490)1041, 28.2 (3365) 0123, 26.7 (5962)1113, 23.0
(3894)1002), 15.5 (2596)101] [101)- Elemental analysis, experimental
(%): C, 61.66; H, 8.51, N, 6.09, S, 0.27.

Cel,

White solid, yield (%) 42 (mg Cel, per g residue) (72.4 glucose
based); IR (v, cm ™!, ATR): 3615-2984 (O-H), 2926-2843 (C-H),
1433, 1308, 1157 (C-O-C), 1101 (C-0O), 1056 (C-O), 1028 (C-
0), 898 (O—Canom—H), 662. '*C NMR (3, ppm): 104.8 (C1), 88.2
(Ceryse)s 83.3 (Cdamorph)> 74.2, 71.9 (C2, 3, 5), 64.6 (Cberysy), 62.0
(Cbamorpn)- XRD (°, 20 (count number) p,  5): 34.4 (1803)(040,
22.6 (7985)0023, 15.6 (3734)(101] 1013 dp A): 40.10025; 38.0p0405. CI
(%): 72.8xrp-puR; 47.4xrD; 55.7amr. SEC (M, [g mol ], PDI,
DP): 148 528 (11.82) 917. Elemental analysis, experimental (%): C,
41.42; H, 5.93. Calculated: for anhydroglucose (C¢H;¢O5s): C, 44.45;
H, 6.22; and for glucose (CcH20g): C, 40.00; H, 6.71.

Cel,

White solid, yield (%) 34 (mg Cel, per g residue) (58.6 glucose
based); IR (v, cm ™!, ATR): 3589-2961 (O-H), 2926-2858 (C-H),
1430, 1313, 1163 (C-O-C), 1108 (C-0), 1060 (C-0), 1026 (C-0O),
889 (O—Cpom—H), 664. *C NMR (4, ppm): 105.2-104.1 (C1), 88.5
(Clerys), 84.0-83.1 (Clamorph)s 74.5, 719, 71.2 (C2, 3, 5), 64.7
(COeryst), 62.2 (COamorpn)- XRD (°, 20 (count number)y, « z): 34.3
(22850405, 22.5 (12 395) 0023, 15.4 (5763) 010ty dp (A): 45.1j0025:
53110407 CI (%): 72.6xrD-pHR; 51.2xrD; 59.3nMmr. SEC (M, [g
mol '], PDI, DP: 78 857 (7.22) 487. Elemental analysis, experimental
(%): C, 41.27; H, 5.93. Calculated: for anhydroglucose (C¢H;oOs): C,
44.45; H, 6.22; and for glucose (C¢H;,0g): C, 40.00; H, 6.71.
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Celh

White solid, yield (%) 43 (mg Cely/g residue) (74.6 glucose based);
IR (v, em™ !, ATR): 3727-2977 (O-H), 2930-2852 (C-H), 1430,
1313, 1156 (C-O-C), 1109 (C-0O), 1055 (C-0), 1031 (C-0), 891 (O-
Canon—H), 656. *C NMR (6, ppm): 105.2-104.1 (C1), 88.5 (Clerys),
83.3-81.9 (C4amorph), 74.6, 72.1, 71.3 (C2, 3, 5), 64.8 (Cbgrysr), 62.3
(C6amorph)v XRD (o, 20 (COunt number)[h k 1]) 344 (3101)[040], 22.4
(14 387)[002], 15.7 (6274)[101][101]; dp (A) 41.9[0()2]; 45.2[()4()]. CI (‘VO)C
70.9xrD-PHR; 48.8xrD; 35.3nMr. SEC (M, [g mol™ '], PDI, DP):
112 615 (8.37) 695. Elemental analysis, experimental (%): C, 41.31; H,
5.90. Calculated: for anhydroglucose (C¢H0O5)%: C, 44.45; H, 6.22;
and for glucose (CsH,04)%0: C, 40.00; H, 6.71.

Results and discussion

Extraction/reaction continuous methodology

Herein we report a one-pot green and optimized extraction/
reaction methodology to obtain highly pure cellulose polymers
from agar industry residues. Furthermore, the extraction/
reaction procedure is facilitated as the residues are based in red
seaweed, which is devoid of recalcitrant lignin. The Cel source
used here is considered sustainable, as it comes from the residue
of algae that can be cultured. The developed method also
appears to be more efficient and environmentally friendly, as the
following sections clearly describe improvements in these areas.
A concomitant extraction/reaction system to obtain pure
cellulose from these residues first of all reduced the overall
process time, also minimizing the amount of solvent used for it,
which was only the volume of the solvent container in the
experimental set up. The extraction/reaction equipment (nor-
mally used for liquid-liquid extraction) was here used also as a
two flask apparatus. Flask 1 (a; in Scheme 1), the extraction
body, is the extraction/reaction solid-liquid flask, where the agar
wastes are placed and pure cellulose polymers remain at the end.
Flask 2 (c in Scheme 1), collecting round bottom flask, is the
liquid—vapour flask, where the extracted/reacted contaminants
are concentrated and also feeds Flask 1 with freshly distilled
solvent, through its evaporation. With this configuration, a
continuous extraction of Cel contaminants is ensured by
displacement with freshly distilled solvent. The equilibration of
the system between these two flasks is achieved through a solvent
return line equipped with a Teflon™ valve (a; in Scheme 1). The
continuous system equilibrates while the dissolution-evapora-
tion steps are carefully maintained. Moreover, this solvent can be
recovered without the need of further distillation or purification.
The energy used is also assumed to be little, because of the time
reduction of the overall process, due to the preconcentration of
all contaminants. Added to this, the physicochemical properties
of Cel were influenced by changes in the extraction/reaction
procedure. Two steps of the treatment were modified by altering
the nature of the extraction solvent using an acid or alkali. The
importance of this simple strategy to obtain Cel polymers from
an industrial residue is highlighted in the following sections.

Characterization of the agar industries residues

The '3C CP-MAS NMR spectrum, see Fig. 1, of the washed agar
industry residues displays signals corresponding to the six carbon

atoms of the anhydroglucose repeating unit of Cel in chemical
shifts (0, ppm) between 110 and 60 ppm. Following the
conventional numbering of the carbon atoms in the ring, the
signal assignment to each carbon is given as follows: at 110-100
ppm, C1 appeared as the most frequency shifted signal due to the
connectivity of this carbon with two attached oxygen atoms (as —
OR groups); the signal at 90-80 ppm was assigned to C4 (tertiary
carbon with one —OR); the cluster of resonances at 78-70 ppm
were attributed to tCS5 (tertiary carbon with one -CH,OH and
one —~OR), C2 and C3 (both tertiary carbons with one hydroxyl
substituent), and, finally, the signal at 68-60 ppm was attributed
to C6.*"*° In addition, a signal in 180-168 ppm, marked as C7,
was observed and attributed to amide carbonyl nuclei due to the
presence of proteic material. Some small intensity signals are also
present in 135-127 ppm, marked as C8, and attributed to
aromatic carbon nuclei present again in proteic material. Other
signals characteristic of alpha carbon nuclei substituted with
electronegative heteroatoms appeared overlapped in the poly-
saccharide counterpart region, primarily in the 70-45 ppm range.
Those signals appearing at 45-8 ppm, marked as C9, belong to
aliphatic quaternary, tertiary, secondary and primary carbon
nuclei.****> As has been stated in the literature, the last
described signals are related to an approximate 25% of protein
content in the organism.*>4143

The FT-IR spectra of the residues were obtained and used as
references, thus these spectra are placed in the lowest parts of
Fig. 2a, b and c. Three characteristic Cel bands were observed in
the spectrum at the following frequencies (v, cm™ ') 3500, 2900
and around 1050, which are attributed to O-H, C-H and C-O
respectively. The band at 898 cm ™! corresponding to the O—-C—H
interaction in the anomeric carbon.***° Additionally, the smaller
bands at 1648 (C=0,pige.1), 1430, 875 and 712 cm ™! have shown
the presence of other by-products and impurities; in our case,
those bands correspond to amides of proteic content,*® as well as
carbonates (calcite) and silicates.*” The presence of calcite in the
agar residues is attributed to the calcareous exoskeleton that
protects the red algae thalli from the environment.®*3

According to the CHNS elemental analyses, the algae residues
have shown 61.66 (C), 8.51 (H), 6.09 (N) and 0.27 (S) percent
contents, thus confirming the presence of sulfolipids and proteins
previously identified in the NMR and FT-IR spectra.*>> The C,
H, N and S content from other lignocellulosics like leaves, sugar
cane bagasse, garden residues and even paper are of the order of
44, 6, 1.5 and 0.3%, respectively.SI’52 The algae residues have a
higher C content, therefore a higher amount of Cel is present,
compared with the content in seaweed, both in red and green
algae, which is thus nearly 30%.>%>*

Likewise, the XRD diffractogram of the residues was
determined and used as a reference, thus it is placed in the
lowest part of Fig. 3a, b and c. The diffractogram exhibited the
diffraction pattern corresponding to MCC with the characteristic
peaks at approximately 15, 17.3, 20.1, 23 and 35 2 0 angles (°)
due to the major reflective planes in MCC as given by the Miller
indices [/ k 1], [101], [101], [002], [021] and the diatropic planes
[040]. The diffractogram displays the paratropic plane [002]
typical of crystalline Cel, showing the most prominent reflections
and providing evidence of the most repeated plane within the
crystallite structure. Additionally, the merged diffraction peaks
[101] and [101] and a [040] weak peak were also indexed.’>*
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Fig. 1 '3C CP-MAS NMR spectrum of agar residues.

Other peaks were observed near 23° and 30° and above 35° in the
residues sample and were identified as silicate and carbonate
phases,*” confirming the presence of these impurities as it was
already observed by FT-IR.

Structural characterization of the Cel,, Cel, and Cel,, polymers

The '*C NMR spectra of the extracted Cel,, Cel, and Cel,
polymers, see Fig. 4, show the signals corresponding to the six
carbons related to the monomeric unit of Cel (anhydroglucose)
at chemical shifts (5, ppm) 105-103 for C1, 90-78 for C4, 74-71
for C2, C5 and C3, and finally 64-62 for the signal correspond-
ing to C6.3'* In comparison to the NMR spectra of agar
residues, no additional signals were observed, providing enough
evidence that the employed reaction/extraction procedure led to
pure Cel polymers.'*3%* The crystalline as well as the
amorphous phases of the material can be distinguished from
the well defined signals at 90-85 and at 85-78, respectively.
These resonances are discussed in detail in the following section
on the analysis of crystallinity.

After the final extraction step, the FT-IR spectra of the
samples from the three different polymers conform to the
structure of Cel, displaying the characteristic bands of functional
groups present in the molecule at frequencies (v, cm ™) of 3500,
2900 and 10350 for the O-H, C-H and C-O, respectively.*>*"-5

Furthermore, the spectra, see Fig. 2, show the effect of each of
the steps (methanolic wash, bleaching, basic wash and acidic
wash) of the extraction process for the three polymers (Fig. 2a
for Cel,, 2b for Cel,, and 2c for Cel,). The spectra for all the
polymers show that the methanolic wash eliminates the calcites
and silicates (1430, 875 and 712 cm™'). It is after this step that
the signals of the sulfolipids from the algae residues (C-O bond
belonging to sulfate ester bands at 980 and 935 cm™') are
obvious for the samples from Cel,, and Cel,.>® These bands are
not present in the Cel, sample. During the bleaching, a color
change in the sample was observed, as expected, due to the
removal of residual pigments still present in the agar residues.”’
The bleaching with sodium chlorite removes the pigments
through the formation of chlorine dioxide, a highly oxidizing
agent which causes minor degradation of the Cel under the weak
acidic conditions of the acetate solution.® The basic washing
step leads to the swelling of the material, increasing the volume
and exposing more surface area to allow for removal of low
molecular weight species.’®” The bands associated with
sulfolipids (C-O) are eliminated following this basic washing.>*
After the methanolic washing, two double bands at 3600 and
3750 cm ™! are identified in the FT-IR spectra of all polymers;
these N-H bands are related to proteins in the algal residue in
accordance with the NMR analysis. During the final acidic
washing, the residual proteins (bands with two peaks at 3600 and
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Fig. 4 '’C CP-MAS NMR spectra of Cel from: neutral treatment (a),
acidic treatment (b), basic treatment (¢) and commercial standard (d).
The order of the six carbons was established in Fig. 1.

3750 cm ™) in the samples were removed, obtaining pure Cel in
all treatments.%*-%!

According to the CHNS elemental analyses, the C and H
contents (%) in Cel,, Cel, and Cel,, were around 41 and 5.85,
whereas for the MCC the C and H contents (%) were 42 and 6,
respectively. The amount calculated for anhydroglucose
(C6H905)% was C, 44.45 and H, 6.22, and for glucose
(C6H1204)% was C, 40.00 and H, 6.71. The absence of N and
S in the chromatograms confirmed the removal of proteins and
pigments in the Cel,, Cel, and Cel,, samples, and was thus in
accordance with the FT IR and NMR results.®

The XRD profiles of MCC and the extracted samples are
shown in Fig. 4. The diffractograms of the extracted samples
show in all cases all the major reflective planes in Cel: a narrow
peak for the paratropic plane 23° [002], typical of crystalline Cel,
as the most prominent reflection, a diffuse peak between 13° and
18° [101] and [101], and the diatropic planes 35° [040]. The
impurities (silicates and carbonates) that contributed to the

Table 1 Results from the characterization of the extracted samples

signals between 23° and 30° and above 35° from the residues
were eliminated through the extraction procedure during the
methanolic wash.?** Moreover, the samples from the Cel, and
Cel,, polymers show a change in crystallinity, through the action
of NaOH during the basic wash, as has been previously reported
for other Cel samples.”> However, mercerization during this
basic washing is not likely, due to the fact that the diffractograms
do not show the characteristic peaks (12.5°, 20° and 22°) for Cel
I1.54%5 After the acidic wash, the peaks in the diffractograms of
the samples from the three polymers corresponded to those of
MCC.%

Yield, CL, dp, My and PDI of the extracted Cel polymers

Table 1 below shows the results from the characterization of the
extracted samples. The highest yields, approximately 433 mg Cel
per g residue (72.2% glucose based) and 420 mg Cel per g of
residue (70% glucose based) were obtained from the basic and
neutral treatments (Cel, and Cel, polymers) respectively. The
lowest Cel yield, approximately 30 mg Cel per g of residue
(56.7% glucose based), was obtained from the acidic treatment
(Cel,). These yields can be compared with other residues
provided from superior plants, like oil palm trunk (45.3%)%” or
sugar cane bagasse (45.9%).°® The yield obtained is higher
compared to other red seaweed, such as Gelidiella acerosa
(13.65% + 0.5%), Gelidium pusillum (9.3% + 0.4%), Gracilaria
edulis (5.3% + 0.2%).%°

The CI from the XRD peak height ratio method (Clxgrp.pHr)
of all samples, including the standard, was approximately 15%
higher than that calculated for other methods. This method
is the most widely used for the calculation of Cel CL.>> The
Clxrp.-pur (> 70%) of the Cel obtained from agar residues was
higher compared to reported values for Cel polymers from other
red algaes like Gelidae acerosa (66%), Gracilaria textoria (64%)
or Gracilaria debilis (66%).>® However, it was lower compared to
Cladophora sp. (95.7%).2* The overestimation in the calculation
of the Clxrp.pur compared with the Clxrp is attributed to the
fact that the first method considers only one peak [002],
compared with the second method (Clxrp) Where crystalline
and amorphous regions are considered for the estimation
(Table 1).* With this last method, Cel, had the highest
crystallinity index (51.2%). Crystallite size, both in thickness
[002] and in length [040], was 45.1 and 53.1 A respectively. These
crystallites can be considered highly crystalline nanostructures,”
with cuboid form. Cel, and Cel,, have almost the same Clxgrp,
47.4 and 48.8%. The dp of Cel, indicates a cubic form where the
thickness and length are 40.1 and 38 A. Finally, Cel, is slightly
longer with 452 A and 41.9 A thickness. The thickness of all

dp [A]
Sample  Gravimetric yield [mg Cel per g residue]  Yield%* Clxgppur Clxgp (002) (040) Clymg My [g mol_l] PDI® DP
MCC — — 717.7 56.6 50.3 48.8 58.6 61 673 5.33 381
Cel, 340 58.6 72.6 51.2 45.1 53.1 59.3 78 856.5 7.22 487
Cel, 420 72.4 72.8 474 40.1 38.0 55.7 148 527.5 11.82 917
Cel, 433 74.6 70.9 48.8 41.9 452 55.3 112 615 8.37 695

“ Yields were calculated on the basis of amount glucose (58.1%) present in red algae Gelidium after agar extraction obtained by Vigon, ef al. in

1994.3° ® M, is the number-average molar mass.
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extracted polymers was in the order of 43 + 2 A. In contrast,
wood powder is about 32 + 0.6 A, Chaetomorpha melagonium
35 A and cotton 40 + 10 A. However, the length of the
crystallites in these species is 280, 170 and 70 A.71"73 Therefore,
the Cel extracted forms from agar residues all have a particularly
cuboid form.

The CI of the extracted Cel polymers calculated by NMR
(CInmr) (see Table 1) were in all cases higher than the ones
calculated by XRD (Clxrp). This difference suggests that the
NMR determination is the most accurate in calculating crystal-
linity, since it provides well-separated or distinguishable signals
to quantify both amorphous or crystalline phases present. The
Clymr of the samples ranged from 55 to 59%, compared to
around 47 to 51% for the Clxgrp. As with the previous method,
Cel, and Cel,, had equivalent crystallinity. However, the samples
from the Cel, showed the highest crystallinity of all extracted
samples and a slightly higher crystallinity than the commercial
sample. The high crystallinity of Cel, may be attributed to the
action of HCI with water at low temperatures, causing a partial
recrystallization of the biopolymer. In addition, the solution
protonates the glycosidic linkages closing the loose links in an
ordered manner, forming hydrocellulose, which nonetheless has
a higher crystallinity.*%7*

Cel, had the highest molecular weight, almost double that of
Cel, and the commercial sample. This is attributed to the milder
(neutral) conditions during the extraction. Alkaline degradation
through the breakage of glycosidic bonds occurs at temperatures
around 140 °C. However, in the conditions used for the Cel,, the
alkaline hydrolysis of Cel is not probable, and the reduction in
the chain length compared to the Cel, is attributed to peeling or
erosion of monomer units.®® Cel, had the lowest molecular
weight and polydispersity. This could be due to the fact that the
HCl, in combination with methanol during the methanolic wash,
is introduced into the glycosidic linkage from the amorphous
structure of the polymer matrix, causing chain rupture and a
consequently lower molecular weight.”>’® All samples were
broad, having polydispersities from 7.22 to 11.28, which are
higher than that for MCC.

The DP of extracted Cel were 917, 487 and 695 for Cel,, Cel,
and Cely, respectively, which are all higher than the DP values
for MCC (381), cotton purified (250), Hemp (350) and various
commercial and fibrous Cel (270).7"7®

With the minimal solvent extraction/reaction system it is
possible to obtain pure Cel from agar residues in a short time
and using small amounts of all solvents,?”?%, thus we have an
efficient, environmentally friendly method for Cel extraction.

Conclusions

Pure Cel polymers (devoid of lignin) were obtained from algae
residues in a continuous extraction/reaction experimental device,
under neutral (Cel,), acidic (Cel,) or basic (Cel,) treatments,
followed by neutralization, all performed in situ with minimum
solvent use and during diminished extraction/reaction periods.
Yields (%) were as high as 43.3 (mg extracted Cel per g residue)
or 72.2 (based on a 60% carbohydrate content present in
residues), and resulted higher in comparison to other described
methodologies.

The Cel,, Cel, and Cel, polymers were characterized by '*C
CP-MAS, NMR, FT-IR, CHNS elemental analyses, XRD and
SEC techniques, all giving experimental insights into the nature
of the isolated materials. The NMR and FT-IR spectra of the
Cel,, Cel, and Cel, polymers confirmed their chemical integrity,
while the elemental analyses have shown a successful removal of
pigments and proteins.

X-ray diffractograms corresponded to the pattern obtained for
MCC. The CI (%) (XRD/CP-MAS NMR) of the extracted
materials was determined as 47.4/55.7 for Cel,, 51.2/59.3 for Cel,
and 48.8/53.3 for Cel,. The CI for all the samples calculated by
NMR resulted in slightly higher values in comparison to XRD.
In general, these procedures provided Cel polymers of medium
crystallinity. Cel, (45.1 and 53.1 A) can be considered to be
formed of highly crystalline nanostructures, with cubioid form,
while Cel, has a cubic form (40.1 and 38 A) and Cel, is slightly
longer (45.2 A and 41.9 A).

The M,, [g mol '] and PDI were 148 528 (11.82) for Cel,, 78 857
(7.22) for Cel,, 112 615 (8.37) for Cel,, and 61 673 (5.33) for MCC.
The corresponding DP was 917 for Cel,, 487 for Cel,, 695 for Cel,
and 381 for MCC. The mildest procedure was the neutral treatment,
since it provides Cel, with the highest molecular weight.
Nevertheless, the PDI in Cel, is the highest in the series.

The acidic treatment provided Cel,, which was the most
crystalline material with the smallest and narrowest molecular
weight distribution (53% of Cel,). The basic treatment provided
Cel,, which was the highest in yield in the series, with a high
degree of polymerization (75.8% of Cel,) and maintaining a
crystallinity very similar to that of Cel,. The characteristics of
Cel, should be closely related to those present in untreated Cel,
as it is synthesized and used in the natural source.

This minimal solvent extraction/reaction system can be used
for Cel extraction from other residual sources, in order to obtain
an added value final product while caring for the environment,
as it is a method that uses both low quantities of solvents and
energy costs, due to its continuous nature. On the other hand,
depending on the final application for Cel materials, the isolation
procedures provided herein could serve as starting points for
types of Cel polymers with different characteristics, and also
differing from those of MCC, to be studied or employed in
potential applications.
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