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Abstract: In this work, 1-carboxypropyled (1-CPRLS) and 5-carboxypentyled lignosulfonates
(5-CPELS) were synthesized using 2-chlorobutanoic acid and 6-chlorohexanoic acid as carboxylate
group donors via SNy1 and Sny2 mechanisms, respectively. 1-Carboxypropyl and 5-carboxypentyl
lignosulfonates with the charge densities of —3.45 and —2.94 meq g~! and molecular weights of 87,900
and 42,400 g-mol~! were produced, respectively, under mild conditions. The carboxylate content
and degree of substitution (DS) of the 1-CPRLS product were 2.37 mmol-g~! and 0.70 mol-mol~!,
while those of 5-CPELS products were 2.13 mmol-g~! and 0.66 mol-mol~!, respectively. The grafting
of carboxypropyl and carboxypentyl groups to lignosulfonate was confirmed by Fourier transform
infrared (FT-IR) and nuclear magnetic resonance (\H-NMR and *C-NMR) spectroscopies. In addition,
1-CPRLS and 5-CPELS were applied as coagulants for removing ethyl violet (EV) dye from a
simulated solution, and their performance was related to their charge densities and molecular weights.
Furthermore, fundamental discussion is provided on the advantages of (1) producing 1-CPRLS and
(2) the superior properties and performance of 1-CPRLS to carboxyethylated lignosulfonate.
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1. Introduction

The importance and logistical necessity of providing an alternative to the expensive fossil-based
materials has been comprehensively discussed [1-5]. As an example, fossil-based fuels can be replaced
by non-food waste biomass generated in the pulping industry [1-5].

Lignin is a lignocellulosic biomass-derived multifunctional molecule that is considered a useful
by-product with high valorization potential for producing value-added products [6,7]. In this regard,
lignosulfonate as a by-product of spent sulfite liquor [8-11] can be recovered and valorized into
high-grade commercial products using novel derivatization and green engineering approaches [12-20].
Lignosulfonate derivatives were reported to be used as emulsifiers/emulsion stabilizers, surfactants for
pesticides, oil recovery and drilling muds, concrete cure retarders and plasticizers, and binders for
foundry and wood adhesives [21]. However, the use of lignosulfonate for dye removal may expand its
application to wastewater treatment in the textile industry.

Currently, conventional biological treatment processes are not very effective in treating dye
wastewaters, and the research community is exploring opportunities for identifying an alternative
process for removing dyes from wastes [22,23]. Today, the effluents of textile, painting, paper and pulp,
leather, and cosmetic industries contain significant amounts of natural and synthetic dyes. The high
solubility of these toxic dyes in water and the environmental pollution caused by them makes these dyes
harmful to the health of aquatic life, humans, and other mammals [24,25]. Therefore, the application of
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economical and eco-friendly separation techniques—specifically, coagulation/flocculation for water
recovery—is essential to a pollution-free environment [26-29]. In this context, one of the candidate
materials is lignosulfonate, which can be properly chemically functionalized and used as an anionic
polymeric coagulant for dye removal.

Different reaction pathways have been used in the literature for functionalizing lignosulfonate.
Examples of effective modification and functionalization techniques are desulfonation graft
polymerization, sulfomethylation, esterification, nitration, oxidation, hydroxyalkylation, phenolation,
and sulfonation [21,30]. Very recently, various carboxyalkylation derivatizations of biomass were also
carried out [31-56].

Carboxyalkylation provides high anionic charges to lignosulfonate that facilitate its interaction
with dyes. Carboxyalklylation provides a carboxylic acid group to lignosulfonate, improving its charge
interaction in colloidal systems. The chain length of the grafting group and the reaction environment
can be altered by following different carboxyalkylation routes in order to produce carboxyalkylated
lignosulfonate with improved charge density and molecular weight. In our previous work, we
studied the effects of the carboxyethylation of lignosulfonate on the physicochemical properties of
the product (1-CELS) [20]. Despite its advantages, more research is still needed to produce a more
efficient functional lignosulfonate (LS). Following this pathway, this study focused on the preparation of
modified LS containing longer hydrocarbon chains with a carboxylate group (i.e., 1-carboxypropyl and
5-carboxypentyl) to achieve carboxyalkylated lignosulfonate with larger molecular weight compared with
carboxyethylated lignosulfonate (CELS). It has been reported that the flocculation process can be promoted
by the molecular weight of polymers, as large polymers might bridge particles in solution [26,28].

In this work, various advanced tools, such as 'H-NMR, 13C-NMR, GPC, FT-IR, potentiometric
titration, charge density, and elemental analyses were used for product characterization. The present
study also emphasizes the optimization of carboxypropylation and carboxypentylation reactions using
the Taguchi method [31,57-60]. As 1-CPRLS and 5-CPELS are produced by substituting lignosulfonate’s
-OH groups and lignosulfonate has different aliphatic and aromatic-OH groups, this study aims at
identifying the fate of these groups in the graft modification process.

Carboxyalkylated lignosulfonates may have great potential to serve as efficient eco-friendly
coagulants for cationic dyes [22]. Ethyl violet, a synthetic triphenylmethane dye, is extensively used in
various industrial dyeing processes, and can be released to wastewater [25,61]. Therefore, the removal
of this dye from wastewater is crucial. In the current research, 1-CPRLS and 5-CPELS, as new
eco-friendly coagulants, were used for removing cationic ethyl violet (EV) from a simulated solution.

2. Materials and Methods

2.1. Chemicals

Lignosulfonic acid sodium salt (97.0%), sodium hydroxide (99.0%), potassium hydroxide (8.0 N),
D, O isotopic purity (99.8%), hydrochloric acid (37.0%), 2-chlorobutanoic acid (99.0%), 6-chlorohexanoic
acid (99.0%), 4-hydroxybenzoic acid (98.0%), ethanol (99.1%), isopropyl alcohol (99.8%), sodium
nitrate (99.8%), dimethyl sulphate (98.0%), acetic anhydride (99.0%), polyethylene oxides (99.0%),
3-trimethylsilyl-(2,2,3,3-d4)-propionic acid sodium salt (TSP) (99.8%), polydiallyldimethylammonium
chloride (PDADMAC) (20 wt.%), and chromium (III) acetylacetonate Cr (acac); (99.99%), all of analytical
grades, were purchased from Sigma-Aldrich, Oakville, ON or BOC Sciences, Shirley, NY, USA. Dialysis
tube (Mw cut-off 10,000 g/mol) was obtained by Thermo Fisher Scientific Inc., Ottawa, ON, Canada.

2.2. Synthesis of 1-Carboxypropyl Lignosulfonate and 5-Carboxypentyl Lignosulfonate

Following the procedure described for the carboxyethylation of lignosulfonate [20], 1.5 g of
lignosulfonate was suspended in a mixture of isopropyl alcohol (45 mL) and 30 wt.% NaOH (5, 8, and
11 mL) at 25 °C for 30 min. The activated lignosulfonate was then reacted with chloro carboxylic acid
(CICBAY/LS (1.0, 1.5, and 2.0 mol-mol~!), CICBA; including 2-chlorobutanoic acid or 6-chlorohexanoic
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acid) under altered times and temperatures in 250 mL three-neck round-bottom glass flasks under
constant stirring at 300 rpm [62]. The product was extensively washed with ethanol/water (40:10, v/v)
and recovered by centrifugation (3500 rpm, 10 min). After three cycles of washing/centrifugation, the
precipitate was dissolved in deionized water (50 mL), then purified using dialysis tubes in deionized water
for two days, and finally dried in an oven at 105 °C overnight. Different 1-carboxypropyl lignosulfonate
and 5-carboxypentyl lignosulfonate samples were prepared by employing different reaction times
(1.0, 1.5, and 2.0 h), temperatures (60, 70, and 80 °C), CICBA;/LS ratios (1.0, 1.5, and 2.0 mol-mol™),
and water/isopropyl alcohol ratios (10%, 15% and 20%). It should be stated that 1-CPRMLS and
5-CPEMLS were produced following the same procedures of 1-CPRLS and 5-CPELS under the conditions
of 1.0 ratio of CICBA;/MLS by mol-mol~!, 80 °C, 2.0 h, and 15% water/isopropyl alcohol ratio.

2.3. Methylated Lignosulfonate

For this modification route, 2.0 g of LS was dissolved in 30 mL of 0.7 mol-L~! NaOH solution in a
250 mL three-neck glass flask at room temperature by stirring at 200 rpm for 30 min. In a glass beaker,
2.5 mmol of dimethyl sulphate was added per each mmol of total phenolic hydroxyl groups of LS, and
the solution was stirred at room temperature for 30 min. The mixture was then heated to 80 °C for an
additional 2 h. During the reaction, the pH of the mixture was maintained at 11.0-11.5 by continuous
addition of 0.7 mol-L.~! NaOH solution. After the reaction, the suspension was acidified to pH 2.5 by
adding 2.0 mol-L~! HCI solution, washed with excess deionized water, dialyzed for two days, and
finally dried in a freeze-dryer. The final product was denoted as methylated LS (MLS) [20,63,64].

2.4. Taguchi Experimental Design

Taguchi’s orthogonal array (OA) was used to obtain the maximum charge density and molecular
weight of 1-CPRLS and 5-CPELS under the optimized conditions [31,57-60]. In this study, a total of
nine runs (Lg) with three factors (each at four levels) were conducted based on an orthogonal design to
investigate the effect of parameters on the carboxyalkylation reactions [20].

2.5. Functional Group Analysis

The aqueous potentiometric titration method [20,63] was used to evaluate the phenolic hydroxyl
and carboxylate group contents of samples using an automatic potentiometer titrator (785 DMP
Titrino, Metrohm, Switzerland). The degrees of substitution (DSs, mol-mol~!) of carboxypropyl and
carboxypentyl groups were calculated using Equation (1) [20,31,65]:

MxA

DS =1 icxa’

)

where A is the total carboxylate group content (mmol-g~!), M is the mass of the primary unit of
lignosulfonate (0.223 g'mmol '), and MC is the mass of sodium carboxypropyl (0.109 g'mmol~!) or
carboxypentyl groups (0.137 g-mmol '), respectively.

2.6. Charge Density Analysis

In preparing the samples for this analysis, LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS
were firstly dried in a 105 °C oven overnight to remove moisture. A 0.1 g sample of each lignosulfonate
derivative was added to 10 mL of deionized water, then it was used for determining their charge
density using a particle charge detector (Mutek, PCD 04, BTG Instruments, GmbH, Wefiling, Germany)
with a PDADMAC standard solution (0.006 M) [31]. The reported data in this paper are the average of
three repetitions.

2.7. Molecular Weight Analysis

Molecular weight analysis was performed for LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and
5-CPEMLS samples using gel permeation chromatography, Malvern GPCmax VE2001 Module +
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Viscotek TDA305 with viscometer detectors. About 20-30 mg of the dried samples were dissolved in
10 mL of 0.1 mol-L~! NaNOj solution and filtered with a 0.2 um nylon filter. The filtered solutions
were used for molecular weight analysis [30]. Poly Analytic PAA206 and PAA203 columns were used
at the column temperature of 35 °C. A 0.1 mol-L~! NaNOj solution was used as solvent and eluent.
The flow rate was set at 0.70 mL-min~!. Polyethylene oxides were used as standard [31,63].

2.8. Elemental Analysis

Elemental analysis of LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS was assessed
using an Elementar Vario EL Cube elemental analyzer by the combustion method [66]. In order to
remove any moisture, all samples were firstly dried in a 105 °C oven overnight. A 0.002 g quantity of
each sample was used for determining their carbon, hydrogen, nitrogen, and oxygen contents.

2.9. FT-IR Analysis

Approximately 0.05 g of oven-dried LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS were
used for their structural characterization using FI-IR spectroscopy (Bruker Tensor 37, ATR accessory
Ettlingen, Germany). The spectra were recorded in transmittance mode in the range between 600 and
4000 cm~! with a 4 cm™! resolution, and 32 scans per sample were conducted [20].

2.10. 'H-NMR Analysis

The LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS were characterized by an INOVA-500
MHz instrument (Varian, USA). All dried samples were dissolved in D,O or dry DMSO-dg¢. All signals
were referenced to the internal standard, trimethylsilylpropanoic acid (TSP), at 0.00 ppm chemical
shift [31]. For the analysis, 45-50 mg of LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS were
dissolved in 700 puL of D,O containing TSP (1 mg TSP/1 mL D,0O) at 25 °C for 30 min and 150 rpm.
Alternatively, 25 mg of LS, 1-CPRLS, and 5-CPELS were dissolved in 500 puL of DMSO-dg containing
2 mg of TSP at 25 °C overnight at 150 rpm. The NMR spectra were recorded at room temperature after
16 scans. A 45° pulse flipping angle, a 4.6 us pulse width, a 2.05 s acquisition time, and a relaxation
delay time of 1.00 s were considered in this analysis.

2.11. 13C-NMR Analysis

All NMR spectra were recorded using an INOVA-500 MHz instrument (Varian, USA), operated
at 50 °C utilizing a mixture of DMSO-dg and D,O as the solvent. The chemical shifts were referred
to the solvent signal of DMSO-dg at 39.5 ppm. The major disadvantage of 1*C-NMR spectroscopy is
its inherent low sensitivity, which requires that a concentrated sample/solvent solution be made [67].
Therefore, in this study, for qualitative 1>C NMR, 125 mg of the samples was dissolved in 500 pL of
DMSO-dg and 50 pL of D,O at 50 °C overnight at 100 rpm. Chromium (III) acetylacetonate (5 mg) was
also added to the solution to provide complete relaxation of all nuclei. Line broadening of 1 Hz was
applied to FIDs before Fourier transform [68]. To obtain a satisfactory signal-to-noise ratio, minimizing
baseline and phasing distortions, the 13C NMR spectra of LS, 1-CPRLS, and 5-CPELS were recorded at
50 °C (in order to reduce the viscosity of the solution) with a pulse angle of 90 °C, a pulse delay of
2 s, an acquisition time of 1.1 s, and a transient number of about 30,000. The total experiment time
was 28-30 h. Finally, the inverse-gated decoupling sequence was used, which involved turning off the
proton decoupler during the recovery between pulses so that the NOE effect was avoided.

2.12. Dye Removal Analysis

At first, 100 mg-L~! of EV dye solution was prepared by dissolving the dye in deionized distilled
water, and the solution was shaken for 10 min. This dye solution was considered as a model wastewater
sample of the textile industry. In this set of experiments, 1 g-L.~! samples of LS, 1-CELS, 1-CPRLS,
and 5-CPELS solutions were made by mixing each of them with deionized distilled water at room
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temperature. The mixtures were added to 10 mL of a 100 mg-L~! dye solution in centrifuge tubes. Then,
the tubes were maintained in a water bath shaker at 30 °C and 150 rpm for 10 min. The tubes were
then centrifuged at 3000 rpm for 10 min using a Sorvall ST 16 Laboratory Centrifuge. The filtrates were
collected for analysis, while precipitates were discarded. The concentrations of dye in the mixtures
before and after treatments were determined using a Genesys 10 s UV-Vis spectrophotometer at the
wavelength of 595 nm for EV. The dye removal was calculated by the following equation:

Dye removal, wt.% = S % 100, 2)

0~
Co
where Cj (g'L7!) and C (g-L7!) are the concentrations of the dye solution before and after the LS,
1-CELS, 1-CPRLS, and 5-CPELS treatment, respectively.

3. Results and Discussion

3.1. Mechanism of 1-Carboxypropylation of Lignosulfonate

The reaction scheme of 1-carboxypropyled lignosulfonate is shown in Scheme 1. The
carboxypropylation of lignosulfonate was performed using 2-chlorobutanoic acid as the carboxylate
group donor in an alkali medium. Because 2-chlorobutanoic acid is a secondary halide, the reaction
would take place via an Sy1 mechanism in a water-isopropanol mixture as a polar protic solvent.
Under alkali conditions, NaOH reacts with the hydroxyl group of lignosulfonate and generates
a strong nucleophile. The dissociation of the carbon-halogen bond in 2-chlorobutanoic acid
creates a planar carbocation (Scheme 1a). The alkoxide ion from the alkali lignosulfonate attacks
the carbocation intermediate, resulting in the carboxypropylation reaction (Scheme 1b) [66,69].
The degree of carboxypropylation depends on the number of hydroxyl groups substituted by
carboxypropyl groups. Furthermore, 2-hydroxybutanoic acid sodium salt can be generated as a
by-product at high concentrations of 2-chlorobutanoic acid and NaOH (Scheme 1c) [20,66,69].

O-Lignin
o)
O\S//
Vi OR
(o)
9
=0
o= O-Lignin
R; R,
Ry o

5
8
—

(S)-1-Carboxypropyl LS
Rz CoHs
cl - nas (@)™
Na+ HCl H A Retention of configuration
gy —> 00— s R=H or CsHeOy"
-o0e a) [ ] (b) Inversion of configurati
CHs ( [ ]7%® nversion of configuration
\_,

‘k Ry C:H;\ WH

(RM1-Carboxypropyl LS

NaH* e Na+
_0oc—uH HO,, &
{ e

(R)-2-hydroxybutanoic acid  (S)-2-hydroxybutanoic acid
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Scheme 1. Proposed reaction mechanism for the carboxypropylation of lignosulfonate via an Sy1
pathway: (a) formation of carbocation; (b) reaction of carbocated chemical with bulky nucleophile [66,69];
(c) undesired 2-hydroxybutanoic acid sodium product.
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3.2. Mechanism of 5-Carboxypentylation of Lignosulfonate

Since 6-chlorohexanoic acid is a primary halide, it can be predicted that the synthesis
of the 5-carboxypentylated lignosulfonate proceeds through an Sy2 nucleophilic substitution
reaction [33,66,69]. The scheme of this reaction is depicted in Scheme 2. Under alkali conditions, NaOH
reacts with the hydroxyl group of lignosulfonate and creates an alkoxide ion. This strong nucleophile
approaches the alkyl halide from the back side of the C—Cl bond; as the C-nucleophile bond forms,
the C—Cl bond breaks (Scheme 2a). At the transition state of the reaction, there is a 5-coordinate
trigonal bipyramidal carbon for a femtosecond [66,69]. There is a possible competing side reaction,
including the production of sodium 6-hydroxycaproate, which lowers the overall yield of the 5-CPELS
as illustrated in Scheme 2b.

O-Lignin
O-Lignin o
o o4
0 I
./ Y, .
O/ ” °
. O 4 on
- cl E—— + Ccl
I (a)
Ry Ra
Ry Ry .
6-Chlorohexanoic acid &
o

H-S0sH Ry, Rs: H. p-hydroxyphenyl (H)
G-505H R1: OMe, Ra: H. guaiacyl (G)

5-Carboxypethyl LS
R'=Hor CHyg0z

Sodium 6-hydroxycaproate

Scheme 2. Scheme representation: (a) carboxypentylation reaction via the S\2 pathway; (b) production
of sodium 6-hydroxycaproate (6-hydroxyhexanoic acid sodium salt as a side effect).

3.3. Mechanisms of Methylation of Lignosulfonate

The selectivity of the phenolic and aliphatic hydroxyl groups of lignosulfonate for the purpose
of carboxypropylation and carboxypentylation can be evaluated by methylation processes [63,64].
Upon these reactions, firstly, LS was methylated, which protected all phenolic hydroxy groups
of lignosulfonate without impacting the other parts of lignosulfonate structure [70], as shown in
Scheme 3a, and then the methylated lignosulfonate (MLS) was reacted with 2-chlorobutanoic acid and
6-chlorohexanoic acid. The possible products of 1-CPRMLS and 5-CPEMLS, which may have been
resulted from the substitution of hydroxy groups on the aliphatic chains of MLS with carboxyalkyl
functions, are exhibited in Scheme 3b,c [20].

3.4. 'TH-NMR Analysis

The 'H-NMR spectra of LS, 1-CPRLS, and 5-CPELS in D,O or DMSO-dg were studied for the
qualification of the structures of these lignin derivatives (Figure 1). In all spectra, protons in water
appear at 4.7 (in D,O solutions) or 3.33 ppm (in DMSO-dg¢ solutions), and the sharp peak at 2.54 ppm
corresponds to the protons of dimethyl sulfoxide [33]. In 1-CPRLS’ spectrum, the small broad peaks
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at 5 = (0.75-1.15) and (1.5-2.0) ppm can be principally assigned to the hydrogens of D and B-C
(Figure 1), which is not present in LS" spectrum [71]. In the proton spectrum of 5-CPELS, there
are three small signals in the range of 6 ~ 1.25-2.35 ppm, which can be assigned to protons of C-D
(1.25-1.65 ppm), B {1.60(+0.5)-1.90(+0.5) ppm}, and A {1.90(+0.5)-2.30(+0.5) ppm}, as they disappeared
from LS’ spectrum (Figure 1) [72]. Furthermore, the hydrogens of A and E in 1-carboxypropyl and
5-carboxypentyl lignosulfonates appeared at 3.4—4.1 ppm, respectively.

Additionally, dimethyl sulfate (Scheme 3a) was used for synthesizing methylated lignosulfonate
(MLS) [20,63,64]. The representative qualitative 'H-NMR spectrum supports the theory that dimethyl
sulfate can afford the selective methylation of the phenolic hydroxyl groups in lignosulfonate [20].
Alternatively, the aliphatic hydroxyl groups in lignosulfonate remained unaffected [20]. In the
carboxypropylation and carboxypentylation of MLS, the aliphatic hydroxyl groups may be substituted
with carboxypropyl or carboxypentyl functions, generating 1-CPRMLS and 5-CPEMLS (Scheme 3b,c).
IH-NMR spectra of MLS, 1-CPRMLS, and 5-CPEMLS in D,O are shown in Figure 2. In contrast to
that of 1-CPRLS, two weak peaks located at 4 ~ 0.75-1.15 and 1.5-2.0 ppm ranges are observable in
1-CPRMLS spectrum, and this demonstrates that the formation of 1-carboxypropyl MLS was ineffective.
This limited efficiency can be attributed to two reasons: (1) the ionization efficiency of the aliphatic
hydroxyl group is about 80 times lower than that of their phenolic counterparts [64]; and (2) steric
hinderance may affect the reactivity of the nucleophile and the carbocation intermediate through the
Sn1 pathway in the production of 1-CPRMLS (Scheme 3b). Similarly, some broad and weak peaks in
the range of 6 = 1.25-2.30 ppm were detected in the 5-CPEMLS spectrum. In this case, the reduction in
the reactivity of chemical and thus limited sulfoproplyation can be related to the large gap between the
halogen and the carboxyl group.

O\S// l
/ o Y
s |
o]
o
OH
5 /0 1-CPRMLS
. 0 Ry Rz =
o\ // \S/ &
S o o
// OH o// 0\300 e
o ov\°‘°°
o (b)
80°C, 2 h, OH
+A .
— ¢
Dimethyl sulfate 0‘»0/7 (c) o]
1 2 or 0
5 K @ ® Re on, 4
B (& - :
OH - ! o
0
LS MLS
Ry Ry 5-CPEMLS
OCH;

Scheme 3. Possible reaction scheme for production of (a) methylated lignosulfonate (MLS);
(b) 1-CPRMLS; (c) 5-CPEMLS.
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Figure 1. TH-NMR spectra of LS, 1-CPRLS, and 5-CPELS in DMSO-dg and D, O solutions.
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1-CPRLS in D,O
D.O

1-CPRMLS

5-CPEMLS
e

MLS

l T l T l T l T l T l T l T l T l T l T |
9.5 2.5 7.3 6.3 5.5 43 ppw 33 2.5 1.5 0.5 0.5

Figure 2. TH-NMR spectra of MLS, 1-CPRMLS, and 5-CPEMLS in D,0O solutions at 25 °C.
3.5. BC-NMR Technique

Generally, 1>C-NMR analysis is one of the most reliable techniques for the comprehensive analysis
of lignin derivatives [67,73]. Figure 3 shows the IBC-NMR spectra of LS, 1-CPRLS, and 5-CPELS.
Table 1 also summarizes the chemical shift assignments of the structural features of LS, 1-CPRLS,
and 5-CPELS products in the '*C-NMR analysis [62,67,68,74-93]. The signal at 56 ppm reflects the
presence of a methoxy group [62]. The locations of the carboxylic acid peaks at 174-179 ppm [74,80,85],
and methylene (-CH;—) and/or terminal methyl (-CHj3) signals at 8-27 ppm [75,76,86,89,90] for
1-CPRELS and 22-38 ppm [75,86,90] for 5-CPERLS confirm the success of the carboxypropyl and
carboxypentyl reactions for producing the 1-CPRLS and 5-CPELS, respectively. However, the mentioned
signals did not exist in the 13C.NMR spectrum of LS (Figure 3).
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Figure 3. BBC-NMR spectra of LS, 1-CPRLS, and 5-CPELS in DMSO-dg¢ solutions at 50 °C.

Table 1. Structural assignments in IBC-NMR spectra of LS, 1-CPRLS, and 5-CPELS in DMSO-d
solutions based on the spectra in Figure 3.

Selected Groups (ppm) SExp. (ppm) Peak Assignment According to

: 8 (ppm)
LS  1-CPRLS 5-CPELS Literature Data

Carbonyl C (C = 0) 173.0 [86], (172.8-171.2,

(200.0-160.0) [85] - 178-174 179-177 Carboxylic acid units 170.7-168.8) [76], 172.8 [$1]
ArCy in H-type units 157.8 [75] *, 156.4 [67,78]
ArC3/Cy in etherified 5-5 units 152.1 [67]
ArCy in etherified G-type units .
withaC = O 151.3 [75]
ArCj in etherified G-type (151.5-151.1) [75] %,
B-O-4 units 149.1 [67]
ArCj in etherified G-type units 149.7 [18:9]’01 4[17953! 167'77]’
Aromatic C-O (ArCz, Cy) ACCy i — '
(160.3-144.0) [75] * 13/C5 In pinoresino 148.6 [74]
(160.0-140.0) [76] 148-136  160-141 156-140 structure
(154.6-140.7) [93] ArCy in etherified G-type units ~ 148.2 [75] *, 146.8 [67,77,89]
ArCj3 in non-etherified G-type (148.7-148.1) [75] *,
B-O-4 units 146.6 [67]
ArCy in non-etherified G-type (147.1-146.6) [75] *,
3-O-4 units 145.8 [67,77,89]
ArCy/Cy in pinoresinol 146.7 [74]
structure
ArC4/Cy in etherified 5-5 units 145.0 [74]
ArC4/Cy in non-etherified

5-5 units 144.0 [75] *,143.3 [67,89]

ArCy in ring f of -5 units 143.3 [67,89]
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Table 1. Cont.

Selected Groups (ppm) SExp. (ppm) Peak Assignment According to § (ppm)
LS 1-CPRLS 5-CPELS Literature Data
ArCy in etherified G-type units 137.5 [75] *, 134.6 [67,77]
Aromatic C—C (ArC, Cs ArCy/Cy in pinoresinol 132.9 [74]
. structure
condensed)
(140.7-123.4) [93] 136-114  141-118 140-118 ArCs/Cy in etherified 5-5 units 132.4 [67,77,89]
(140.3-122.9) [93] * ArC; in non-etherified 5-5 units 1312 [75] %, 131.1 [67,89]
(140.0-123.0) [76]
ArC,/Cy in H-type units 128.6 [92], 128.1 [67], 128.0 [86]
ArCs/Cy in nor}—etherlﬁed 126.8 [75] *, 125.9 [67,77,59]
5-5 units
(125.2-120.0) [75] *, 124.0 [75],
ArCg in G-type units (123.0-117.0) [76], (119.9, 119.4,
118.4) [67,89], 118.4 [77]
(118.1-111.4) [75] *,
Aromatic C-H ArCs in G-type units (117.0-114.0) [76],
(ArC, Cs Co-H) (115.1, 114.7) [67,77,89]
(131.5-1085) [50]*  113-106 118-107  118-100 ArCx/Cor in pinoresinol
(123.4-105.3) [67] rCs/ :trﬁ‘cf;?:resmo 115.7 [74]
(123.0-103.0) [51]
ArC3,Cs in H-type units 115.0 [75]
(1152-111.3) [75] *,
ArC; in G-type units (114.0-108.0) [76],
(111.1-110.4) [67,89]
ArC,/Cy in pinoresinol 1103 [74]
structure
Cp in p-O-4, C in -5 and (90.0-82.5) [88],
B-B units (90.0-78.0) [76]
Cq in pinoresinol structure 87.0 [74]
. ) — 86.7 [92], 86.6 [67,89],
Cq in -5 and G-type (3-5 units (68.2-68.7) [75] *
- O . (84.6-83.8) [67],84.2 [92],
Cp in G-type 3-O-4 units (81.9-77.7) [75] *
Cq, Cy in B-B units (84.3,71.1) [92]
CoCp, Cy . (78.0~67.0) [76], 72.8 [92],
(90.0-58.6) [93] 058 8650 4960 Carin p-0-2and S-type (718, 71.2) [67,89], 71.2 [77],
(89.8-58.6) [93] B-O-4 units (68.0, 66.7) [75] *
(81.9-56.3) [75] * _ _
Cy in B-p units 72.4 [89]
Cy in pinoresinol structure 72.3 [74]
Cy in 3-O-4 and G-type 3-O-4 o "
units with xC = O 63.2[67,89], 53.7 [75]
Cy in G-type 3-5 and -1 units 62.8 [67,77,89]
AL ; A (62.8,62.7) [75] *, (61.3-58.0)
CyinB-O-dand G-type B-O-4 171"y 5 16777 891, (59.0-61.0)
units (without «C = O)
[88]
(58.0-54.0) [76], 56.5 [92],
Methoxyl (-OCHj) 56.2 [74], 56.0 [62,86,87],
55.6 [67,89]
Al . (58.1-52.5) [93],
Methoxyl, C in B-B and Methoxyl and Cp in -5 units (56.5-52.0) [75] *
B-5 units 58-52 59-54 59-53 Cp in pinoresinol structure 54.8 [74]

(52.0-58.0) [76]

(54.0-53.0) [88],

Cp in 3-p and B-5 units (54.0-52.0) [76]

Cp in B-B units 53.8 [77], 53.9 [67,89]

Cp in 3-5 units 53.4[67,77,89]
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Table 1. Cont.

Selected Groups (ppm) SExp. (ppm) Peak Assignment According to
LS  1-CPRLS 5-CPELS Literature Data

Terminal methyl (-CH3) and
methylene (-CHy.) in saturated
Alkyl C aliphatic chain
(10.0-45.0) [90] - 27-8 38-22
(0.0-45.0) [86]

8 (ppm)

45-10[90], 41.2-12.1 [75] ,
26.7[89]

Methylene groups in aliphatic
rings and side chains

Terminal methyl groups 25-0 [86], 12-15 [76], 14.0 [89]

* Lignosulfonate assignments in MeOH-dy4. The 13C solvent shifts A5, = 5(DMSO)—5(MeOH-dy) varies from —3.25
to +4.06 ppm [94]. The change in chemical shift of the sulfonated compounds compared to the corresponding
compound with a hydroxyl group was reported in MeOH-d4. Significant chemical shift differences, Ad, are
observed for the 1, 2, 6, « and 3-positions, of approximately +7, 3.5, —4, +(6-8) and +5 ppm for 13C NMR. Smaller
changes are observable for y-position, whereas the other positions only show minor changes [75]. Carbon elements
in dimethyl sulfoxide appear at 39.5 [88] (or 39.53 + 05) ppm [88].

45-25[86], 29.2 [89], 27 [76]

3.6. FT-IR Spectrum Analysis

To analyze the carbonyl groups of LS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS more
accurately, FT-IR spectra of these samples were compared, as in Figure 4. Compared with the peak
of LS, one noticeable difference in peak intensities at 1595 cm™! appeared in the spectra of 1-CPRLS,
5-CPELS, 1-CPRMLS, and 5-CPEMLS, which is assigned to C = O stretching [20]. These results
document the presence of the carboxypropyl and carboxypentyl side chains and successful formations
of 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS. In addition, it can be seen that this peak for
1-CPRLS and 5-CPELS was stronger than that for 1-CPRMLS and 5-CPEMLS, which confirms the
reduction of reactivity of aliphatic hydroxyl groups compared with phenolic groups in reacting with
2-chlorobutanoic acid and 6-chlorohexanoic acid in the carboxypropylation and carboxypentylation
reactions (i.e., confirming the results of 'H-NMR analysis). Additionally, the peak corresponding to
the C-O stretching of C—-O-C was observed at 1042 cm™! [95,96]. The results show an increase in the
absorption of this peak for 1-CPRMLS and 5-CPEMLS compared to for 1-CPRLS and 5-CPELS. Based
on this analysis, it is claimed that the -OH of the phenolic groups of LS was substituted with -OCHjs
groups after methylation treatment.

1.10
1042, C-O stretching
1.05
1.00 A‘M\,—/\/f -
3 o095 |
c
8
=
£
2 090 |
©
S
[
LS
0.85 |
1-CPRLS
5-CPELS
1595, C=0 stretching
0.80 | 1-CPRMLS
5-CPEMLS
075 I L L I I L
3600 3100 2600 2100 1600 1100 600

Wavenumbers, cm-!

Figure 4. FT-IR spectra for LS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS.
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3.7. Taguchi Method and Optimization

The Taguchi method is a systematic approach to finding the optimal combination of input
parameters. A four-factor, three-level Taguchi orthogonal array (OA) design was used to study the
effect of reaction parameters on the carboxypropylation and carboxypentylation of LS. The selected
process variables were temperature (60, 70, and 80 °C), CICBA;/LS (1.0, 1.5, and 2.0 mol-mol~1), reaction
time (1.0, 1.5, and 2.0 h), and water/isopropyl (H,O/IPA) ratio (10%, 15%, and 20% v/v). CICBA; was
used as an abbreviation for chloro carboxylic acid including CICBA; for 2-chlorobutanoic acid, and
CICBA,; for 6-chlorohexanoic acid in the synthesis of 1-CPRLS or 5-CPELS, respectively. The results of
these experiments are reported in Table 2.

The dependent variables were the charge density (CD) and molecular weight (Mw). The optimal
reaction conditions for the production of 1-CPRLS and 5-CPELS with the highest CD and Mw
could be obtained by systematically analyzing the results of CD and Mw in Table 2. Interestingly,
the optimal conditions for the carboxypropylation and carboxypentylation of lignosulfonate were NaOH
concentration of 30 wt.%, temperature of 80 °C, time of 2 h, CICBA;/LS of 1.0 mol-mol~!, and H,O/IPA
of 15 vol.%. The 1-CPRLS and 5-CPELS prepared under these conditions showed the highest CDs of
—3.45 and —2.94 meq g_1 and molecular weights of 87,900 and 42,400 g mol?, respectively.

Table 2. Levels and dependent variables for the control factors in the Taguchi orthogonal array (OA)

design (Lo).
Control Factors and Their Levels Dependent Variables
1-CPRLS 5-CPELS
Expt. No.
Temp. CICBA; */LS Time H;O/IPA CD Mw CD Mw
Q) (mol-mol~1) (h) (vol.%)  (meq-g™!) (gmol™l) (meqg™) (gmol)
1 60 1.0 1.0 10 3.04 33,159 2.69 34,124
2 70 2.0 1.0 15 3.25 56,234 2.81 36,413
3 80 1.5 1.0 20 247 48,437 2.82 24,302
4 60 1.5 1.5 15 3.14 52,455 2.75 39,009
5 70 1.0 1.5 20 3.30 32,490 293 32,070
6 80 2.0 1.5 10 3.37 81,175 3.12 38,681
7 60 2.0 2.0 20 3.17 30,496 2.86 33,787
8 70 1.5 2.0 10 3.35 61,665 2.08 41,958
9 80 1.0 2.0 15 3.45 87,938 2.94 42,364

* CICBA; = Chloro carboxylic acid including CICBA; (2-chlorobutanoic acid for 1-CPRLS production) and CICBA,
(6-chlorohexanoic acid for 5-CPELS production). In all reactions, NaOH was 30 wt.%.

3.8. Effect of Reaction Conditions on DS

Figure 5 shows the relationship between the reaction conditions and the DS of 1-CPRLS and
5-CPELS. As can be seen, the DS significantly depended on the reaction conditions. Maximum DSs of
0.70 and 0.66 mol-mol~! were obtained under the conditions of 1.0 mol mol~?! of CICBA,/LS ratio, 80 °C,
2 h, 15 vol.% of HyO/IPA ratio, and 30 wt.% NaOH for 1-CPRLS and 5-CPELS, respectively. As the
reactions were endothermic, the increase in temperature facilitated the reaction and thus increased the
DS [97]. Additionally, the highest DS was found for the 15 % H,O/IPA ratio of the reaction medium.
Water plays a significant role in the carboxypropylation and carboxypentylation of LS by facilitating
the diffusion of reagents and making them more accessible to lignosulfonate [98,99]. However, the
decrease in the DS at the water content of 20% could be due to a dilution effect. It has been reported that
a mixture of isopropanol, water, and NaOH forms a two-phase liquid system consisting of IPA, water,
and a small quantity of NaOH in the solvent-rich layer; and sodium hydroxide, water, and a very small
amount of IPA in the water-rich one [97,100]. In this case, increasing the water proportion to 20 vol.%
in the reaction medium would lower the concentrations of both the reagent and the nucleophile in
the organic phase, hampering the reaction rate [97]. Furthermore, the maximum DS was obtained for
the samples reacted for 2 h. Thus, prolonging the reaction time provided favourable conditions for
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carboxyalkylation (i.e., better contact between the etherifying agent and lignosulfonate) [31,98]. Finally,
the best ratio of CICBA;/LS in this work was 1.0 mol.mol™! for both reactions. With further increase of
this ratio from 1.0 to 2.0 mol-mol~!, the undesired products were probably produced more dominantly,
and the DSs of 1-CPRLS and 5-CPELS decreased [31].

0.80 1

0.70 -

u1-CPRLS u5-CPELS

0.60 -

0.50

0.40 -

0.30

DS, mol mol-!

0.20 -

0.10 -

0.00 -

Expt. No.

Figure 5. Degree of substitution (DS) for different samples produced under various reaction conditions
stated in Table 2 for the production of 1-CPRLS and 5-CPELS.

3.9. Properties of LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS

Table 3 summarizes the properties of LS, MLS, 1-CPRLS, 5-CPELS (produced under the optimal
conditions), 1-CPRMLS, 5-CPEMLS, as well as 1-CELS reported in the literature [20]. As can be
seen, there was a higher carboxylic acid group content for 1-CPRLS and 5-CPELS compared with LS
(2.37 and 2.13 vs. 0.08 mmol-g~!, respectively), which reflects the success of the carboxyalkylation of
LS. The higher carboxylate group content of 1-CPRLS compared to 5-CPELS may be due to the lower
reactivity of 6-chlorohexanoic acid compared to 2-chlorobutanoic acid, as stated earlier. The longer
chain hydrocarbon of 2-chlorobutanoic acid than in 2-chloropropionic acid (i.e., the carboxyl donor
in 1-CELS production) is a possible reason for the lower carboxylic acid group content of 1-CPRLS
compared to 1-CELS [20]. Furthermore, 1-CPRLS with a higher molecular weight (87,900 g-mol~! for
1-CPRLS compared with 42,400 and 46,500 g mol~! for 5-CPELS and 1-CELS) may equip the polymer
with a coagulating affinity for solution systems (e.g., dye solutions).

As stated earlier, methylated lignosulfonate (MLS) was synthesized for covering the phenolic
hydroxide group of LS (Scheme 3a) [20]. On one hand, the phenolic group contents determined for
MLS, 1-CPRMLS, and 5-CPELMS were 0.09, 0.07, and 0.08 mmol-g~*, respectively, which along with the
results of Figure 2, confirmed the success of methylation reaction. On the other hand, their carboxylic
acid group contents (0.03, 0.51, and 0.37 mmol-g~! for MLS, 1-CPRMLS, and 5-CPELMS, respectively)
indicate that the aliphatic hydroxy groups of MLS, and consequently LS, can be substituted with
carboxypropyl and carboxypentyl groups in the carboxypropylation and carboxypentylation reactions.
In addition, the Mws of MLS, 1-CPRMLS, and 5-CPELMS reported in Table 3 were 40,100, 34,400,
27,000 g-mol~?, respectively. This sequence of declining molecular weight (5-CPELMS < 1-CPRMLS <
MLS) could be due to an alkaline hydrolysis occurring during the grafting reactions for producing
lignin derivatives [20]. Evidently, 5-CPELMS and 1-CPRMLS experienced an extra hydrolysis during
the two-step reactions of methylation and carboxyalkylation [20].

The empirical formula of LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS are also given
in Table 3. Elemental analysis included the Cg formula of C9.00H9.4750.4505.71, C9.00H10_8780.35O6.53,
and Cog00H10.9850.340¢.01 for LS, 1-CPRLS, and 5-CPELS, respectively. It is evident that the oxygen
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and hydrogen contents were higher for 1-CPRLS and 5-CPELS than for LS, confirming the success of
carboxypropylation and carboxypentylation [31]. The yield of the products was also in a similar order,
even though a slightly higher yield was obtained for 1-CELS (Table 3).

3.10. Dye Removal

In this work, a 100 mg-L‘1 dye concentration was chosen as a model wastewater, which is based
on the available literature (i.e., 50-250 mg L~! dye concentration in the wastewater of the textile
industry) [101]. Figure 6 depicts the impact of lignosulfonate derivatives on the removal efficiency of
EV cationic dye from the model wastewater samples. As is evident, the maximum EV removal was
found between 82 and 98 wt.% for LS, 1-CELS, 1-CPRLS, and 5-CPELS (Figure 6). The results confirm
the improved performance of modified lignosulfonate samples—particularly 1-CPRLS—in removing
the EV dye.

100
80
N
g o0 ——————
£
g
5 40
>
[a]
20 1-CELS
1-CPRLS 5-CPELS
0
0 05 1 15 2 25

Dosage flocculant/dye g g

Figure 6. Impacts of dosage of LS, 1-CELS, 1-CPRLS, and 5-CPELS on the removal of ethyl violet (EV)
dye from solution.

According to Table 3, lignosulfonate derivatives had a higher charge density and molecular
weight than LS (except for methylated samples), and these properties have profound impacts on their
interaction with dye molecules in solutions [28,29,102,103]. In this study, the presence of carboxylate
groups along with different carboxyalkylated chains (1-CELS, 1-CPRLS, and 5-CPELS) provided
a large number of available adsorption/interaction sites for dyes [104]. The removal mechanism
could be explained by the combination of charge neutralization and polymer bridging, which led to
their agglomeration and thus removal from the solution. The higher efficiency for 1-carboxypropyl
lignosulfonate at the optimum dosage (0.75 g-g™!) of 1-CPRLS/EV was due to its higher charge density
and molecular weight (Table 3). The reduction in dosage needed for the removal and increased removal
efficiency are critical factors in the dye removal, as a smaller dosage would generate a smaller amount of
precipitated wastes. A combination of higher removal and lower dosage would also lead to precipitated
flocs with a higher proportion of dyes. This lesser use of lignin polymer would help to reduce the cost
of this flocculation process. It was also seen that the optimized dosages for lignosulfonate derivatives
were in a smaller range than that for lignosulfonate, which stems from the higher charge density of
the lignosulfonate derivatives. At a higher charge density, a small dosage increase may lead to the
repulsion of dye segment or dye/lignosulfonate flocs with anionic charges that may repel each other,
leading to more limited dye removal [102]. Compared with 1-CELS, 1-CPRLS was more effective at a
lower required dosage, which is attributed to the higher molecular weight of 1-CPRLS.
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Table 3. Properties of LS, 1-CPRLS, 5-CPELS, MLS, 1-CPRMLS, and 5-CPEMLS.
cD Carboxylic acid DS Phenolic-OH
S 1 ( 2-1) Group Content (mol-mol-1) Group Content Empirical Formula Mw Mn Mw/M Yield (%)
ample meq-g (mmol-g-1) mol-mo (mmol-g—1) (* the basic unit) (gmol-1)  (gmol-1) w/Mn (x0.1)
(£0.10) 8 (£0.02) 8 & &
(+0.10) (+0.10)

LS 2.21 0.08 0.02 0.81 Co.00Ho.47 S0.4505.71 32,506 19,641 1.66 -
1-CPRLS 3.45 2.37 0.70 0.43 Co.00H10.8750.3506.53 87,938 18,044 4.87 83.4
5-CPELS 2.94 2.13 0.66 0.69 C9.00H10.9850.3406.01 42,364 14,961 2.83 80.5

MLS 2.17 0.03 0.01 0.09 C9.00Ho.8250.4405 46 40,086 16,145 2.48 -
1-CPRMLS 2.29 0.51 0.12 0.07 C9.00H10.4050.2505.78 34,417 9152 3.76 -
5-CPEMLS 2.25 0.37 0.09 0.08 C9.00Ho9.1850.2705 63 27,014 5908 4.57 -

1-CELS 3.51 [20] 2.63 [20] 0.78 [20] 0.34 [20] Co.00Ho.78 No.05S0.2806.20 [20] 46,493 [20] 26,209 [20] 1.77 [20] 87.8

* For a Cg unit of lignosulfonate.
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3.11. Carboxyalkylated Lignosulfonate Comparison

The results of this work confirmed that changing the type of carboxylic acid group donor will have
a considerable impact on the mechanism of the carboxyalkylation reaction of lignosulfonate, the reaction
conditions required for achieving the best results, and hence on the properties of carboxyalkylated
lignosulfonate. In addition, due to the differences in charge density and molecular weights of these
modified lignosulfonates, they would have different flocculation performance and dye removal
efficiency if used as coagulants (Figure 6). In this work, we introduced a more appealing reaction
system using less solvent (i.e., 30 vol.% in this work vs. more than 90 vol.% in our previous work) [20]
for producing a carboxyalkylated lignosulfonate with better properties. The use of less solvent for
modifying lignosulfonate, while generating a better lignosulfonate derivative, will have less significant
environment footprints and be more accommodative for the chemical industry.

4. Conclusions

In this work, 1-carboxypropyl and 5-carboxypentyl lignosulfonates were successfully produced
under different conditions, and the mechanism of the grafting reactions and the properties of the
products were comprehensively analyzed by FT-IR, 'H-NMR, and *C-NMR analyses. The methylation
experiment confirmed the limited attachment of the carboxyethylate group to the aliphatic hydroxy
groups of lignosulfonate. The impacts of the reaction conditions using Taguchi orthogonal design
on the charge density, molecular weight, and degree of substitution for 1-CPRLS and 5-CPELS were
also studied. The maximum CDs of —3.45 and —2.94 meq g‘l, Mws of 87,938 and 42,364 g-mol‘l,
and DSs of 0.70 and 0.66 mol-mol~! were obtained for 1-CPRLS and 5-CPELS, respectively, under the
optimum conditions of 1.0 mol-mol~! of 2-chlorobutanoic acid or 6-chlorohexanoic acid/lignosulfonate
ratio, 80 °C, 2 h, and 15% v/v of HyO/IPA. The 1-CPRLS and 5-CPELS (produced under the optimum
conditions), as well as 1-CELS, were applied for removing EV dyes, and the results confirmed the
superior efficiency of 1-CPRLS as a coagulant for the dye removal due to its higher charge density
and My .

Author Contributions: The manuscript was prepared by K.B., and P.F. was the supervisor and leader of this project.

Funding: This research was funded by NSERC (418355-2012), Canada Research Chair (950-230466), Canada
Foundation for Innovation (33671), and Northern Ontario Heritage Fund Corporation - Industrial Research Chair
program (8320002).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Costa, S.; Rugiero, I; Larenas Uria, C.; Pedrini, P.; Tamburini, E. Lignin degradation efficiency of chemical
pre-treatments on banana rachis destined to bioethanol production. Biomolecules 2018, 8, 141. [CrossRef]
[PubMed]

2.  Damiao Xavier, F; Santos Bezerra, G.; Florentino Melo Santos, S.; Sousa Conrado Oliveira, L.;
Luiz Honorato Silva, F,; Joice Oliveira Silva, A.; Maria Concei¢do, M. Evaluation of the simultaneous
production of xylitol and ethanol from sisal fiber. Biomolecules 2018, 8, 2. [CrossRef] [PubMed]

3. Serensen, A.; Liibeck, M.; Liibeck, P.; Ahring, B. Fungal beta-glucosidases: A bottleneck in industrial use of
lignocellulosic materials. Biomolecules 2013, 3, 612-631. [CrossRef] [PubMed]

4. Kan, K; Akashi, M.,; Ajiro, H. Dynamic self-assembly and synthesis of polylactide bearing
5-hydroxymethylfurfural chain ends. ACS Appl. Polym. Mater. 2018, 1, 267-274. [CrossRef]

5. Murphy, B.M.; Xu, B. Foundational techniques for catalyst design in the upgrading of biomass-derived
multifunctional molecules. Prog. Energy Combust. Sci. 2018, 6, 1-30. [CrossRef]

6.  Abdelaziz, O.Y.; Hulteberg, C.P. Physicochemical characterisation of technical lignins for their potential
valorisation. Waste Biomass Valor 2017, 8, 859-869. [CrossRef]

7. Ghaffar, S.H.; Fan, M. Structural analysis for lignin characteristics in biomass straw. Biomass Bioenergy 2013,
57,264-279. [CrossRef]


http://dx.doi.org/10.3390/biom8040141
http://www.ncbi.nlm.nih.gov/pubmed/30423995
http://dx.doi.org/10.3390/biom8010002
http://www.ncbi.nlm.nih.gov/pubmed/29320469
http://dx.doi.org/10.3390/biom3030612
http://www.ncbi.nlm.nih.gov/pubmed/24970184
http://dx.doi.org/10.1021/acsapm.8b00185
http://dx.doi.org/10.1016/j.pecs.2018.01.003
http://dx.doi.org/10.1007/s12649-016-9643-9
http://dx.doi.org/10.1016/j.biombioe.2013.07.015

Biomolecules 2019, 9, 383 18 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Komissarenkov, A.A.; Lukanina, T.L. Use of lignosulfonates in newsprint paper production. Russ. J. Gen. Chem.
2012, 82, 985-990. [CrossRef]

Santford Rusk, B. Fractionation of Waste Sulfite Liquor. Master’s Thesis, Oregon State College, Corvallis, OR,
USA, 1938.

Benson, H.K.; Partansky, A.M. Sulfite waste liquor: Laboratory study of its anaeuml; robic decomposition
when discharged into water bodies. J. Ind. Eng. Chem. 1936, 28, 738-740. [CrossRef]

Rueda, C.; Calvo, P.A.; Moncalian, G.; Ruiz, G.; Coz, A. Biorefinery options to valorize the spent liquor from
sulfite pulping. J. Chem. Technol. Biotechnol. 2015, 90, 2218-2226. [CrossRef]

Altwaiq, A.; Abdel-Rahema, R.; Al-Shamaileh, E.; Al-luaibi, S.; Khouri, S. Sodium lignosulfonate as
a friendly-environment corrosion inhibitor for zinc metal in acidic media. Eurasian J. Anal. Chem. 2015, 10,
10-18.

Reknes, LK. Quality lignosulfonate for concrete. Masterbuilder 2013, 15, 84-90.

Ramachandran, V.S. Interaction of calcium lignosulfonate with tricalcium silicate, hydrated tricalcium silicate,
and calcium hydroxide. Cem. Concr. Res. 1972, 2, 179-194. [CrossRef]

Lou, H.; Zhu, D.; Yuan, L.; Qiu, X,; Lin, X.; Yang, D.; Li, Y. Fabrication of high-concentration aqueous
graphene suspensions dispersed by sodium lignosulfonate and its mechanism. J. Phys. Chem. C 2015, 119,
23221-23230. [CrossRef]

Rebis, T.; Sobkowiak, M.; Milczarek, G. Electrocatalytic oxidation and detection of hydrazine at conducting
polymer/lignosulfonate composite modified electrodes. J. Electroanal. Chem. 2016, 780, 257-263. [CrossRef]
El Mansouri, N.; Farriol, X.; Salvado, J. Structural modification and characterization of lignosulfonate by
a reaction in an alkaline medium for its incorporation into phenolic resins. J. Appl. Polym. Sci. 2006, 102,
3286-3292. [CrossRef]

Xue, Y,; Liang, W.; Li, Y.; Wu, Y,; Peng, X.; Qiu, X,; Liu, J.; Sun, R. Fluorescent pH-sensing probe based on
biorefinery wood lignosulfonate and its application in human cancer cell bioimaging. J. Agric. Food Chem.
2016, 64, 9592-9600. [CrossRef]

Wu, Z; Sun, Y,; Song, H.; Chu, Y.; Wang, Q.; Jiang, H.; Qiu, M. Application of lignosulfonate and
pharmaceutical composition thereof. China Patent CN102091091 A, 15 June 2011.

Bahrpaima, K.; Fatehi, P. Synthesis and characterization of carboxyethylated lignosulfonate. ChemSusChem
2018, 11, 2967-2980. [CrossRef]

Holladay, ].E.; White, ].E; Bozell, ].J.; Johnson, D. Top Value Added Chemicals from Biomass-Volume II—Results of
Screening for Potential Candidates from Biorefinery Lignin; Pacific Northwest National Lab. (PNNL): Richland,
WA, USA, 2007.

Hasan, A.; Fatehi, P. Cationic kraft lignin-acrylamide copolymer as a flocculant for clay suspensions:
(2) Charge density effect. Sep. Purif. Technol. 2019, 210, 963-972. [CrossRef]

Raj, P; Blanco, A.; de la Fuente, E.; Batchelor, W.; Negro, C.; Garnier, G. Microfibrilated cellulose as a model
for soft colloid flocculation with polyelectrolytes. Colloid Surf. A Physicochem. Eng. Asp. 2017, 516, 325-335.
[CrossRef]

Adeyemo, A.A.; Adeoye, 1.O.; Bello, O.S. Adsorption of dyes using different types of clay: A review.
Appl. Water Sci. 2017, 7, 543-568. [CrossRef]

Liu, Z.; Xu, D,; Xia, N.; Zhao, X.; Kong, F; Wang, S.; Fatehi, P. Preparation and application of phosphorylated
xylan as a flocculant for cationic ethyl violet dye. Polymers 2018, 10, 317. [CrossRef]

Dao, V.H.; Cameron, N.R,; Saito, K. Synthesis, properties and performance of organic polymers employed in
flocculation applications. Polym. Chem. 2016, 7, 11-25. [CrossRef]

Agunbiade, M.O.; Pohl, C.H.; Ashafa, A.O.T. A Review of the application of biofloccualnts in wastewater
treatment. Pol. |. Environ. Stud. 2016, 25, 1381-1389. [CrossRef]

Zhu, Z; Li, T; Lu, J.; Wang, D.; Yao, C. Characterization of kaolin flocs formed by polyacrylamide as
flocculation aids. Int. |. Miner. Process. 2009, 91, 94-99. [CrossRef]

Teh, C.Y,; Budiman, PM.; Shak, K.P.Y.; Wu, T.Y. Recent advancement of coagulation—flocculation and its
application in wastewater treatment. Ind. Eng. Chem. Res. 2016, 55, 4363—4389. [CrossRef]

Salehizadeh, H.; Yan, N.; Farnood, R. Recent advances in polysaccharide bio-based flocculants. Biotechnol. Adv.
2018, 36, 92-119. [CrossRef]

Konduri, M.K.R;; Fatehi, P. Synthesis and characterization of carboxymethylated xylan and its application as
a dispersant. Carbohydr. Polym. 2016, 146, 26-35. [CrossRef]


http://dx.doi.org/10.1134/S1070363212050325
http://dx.doi.org/10.1021/ie50318a029
http://dx.doi.org/10.1002/jctb.4536
http://dx.doi.org/10.1016/0008-8846(72)90040-3
http://dx.doi.org/10.1021/acs.jpcc.5b06301
http://dx.doi.org/10.1016/j.jelechem.2016.09.030
http://dx.doi.org/10.1002/app.24744
http://dx.doi.org/10.1021/acs.jafc.6b04583
http://dx.doi.org/10.1002/cssc.201800994
http://dx.doi.org/10.1016/j.seppur.2018.08.067
http://dx.doi.org/10.1016/j.colsurfa.2016.12.055
http://dx.doi.org/10.1007/s13201-015-0322-y
http://dx.doi.org/10.3390/polym10030317
http://dx.doi.org/10.1039/C5PY01572C
http://dx.doi.org/10.15244/pjoes/61063
http://dx.doi.org/10.1016/j.minpro.2009.01.003
http://dx.doi.org/10.1021/acs.iecr.5b04703
http://dx.doi.org/10.1016/j.biotechadv.2017.10.002
http://dx.doi.org/10.1016/j.carbpol.2016.03.036

Biomolecules 2019, 9, 383 19 of 22

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

De Abreu, ER.; Campana-Filho, S.P. Preparation and characterization of carboxymethylchitosan. Polimeros
2005, 15, 79-83. [CrossRef]

Konduri, M.K.; Kong, F.; Fatehi, P. Production of carboxymethylated lignin and its application as a dispersant.
Eur. Polym. J. 2015, 70, 371-383. [CrossRef]

Stack, R.J.; Stein, TM.; Plattner, R.D. 4-O-(1-carboxyethyl)-p-galactose. A new acidic sugar from the
extracellular polysaccharide produced by Butyrivibrio fibrisolvens strain 49. Biochem. ]. 1988, 256, 769-773.
[CrossRef]

Ren, J.L.; Sun, R.C.; Peng, F. Carboxymethylation of hemicelluloses isolated from sugarcane bagasse.
Polym. Degrad. Stab. 2008, 93, 786-793. [CrossRef]

Efanov, M.V.; Popova, A.A. Carboxymethylation of peat in 2-propanol. Solid Fuel Chem. 2011, 45, 270-274.
[CrossRef]

Hebeish, A.; Higazy, A.; El-Shafei, A.; Sharaf, S. Synthesis of carboxymethyl cellulose (CMC) and starch-based
hybrids and their applications in flocculation and sizing. Carbohydr. Polym. 2010, 79, 60—-69. [CrossRef]
Rachtanapun, P.; Luangkamin, S.; Tanprasert, K.; Suriyatem, R. Carboxymethyl cellulose film from durian
rind. LWT-Food Sci. Technol. 2012, 48, 52-58. [CrossRef]

Ali, ZM.; Laghari, A.J.; Ansari, A.K.; Khuhawar, M.Y. Synthesis and characterization of carboxymethyl
chitosan and its effect on turbidity removal of river water. J. Appl. Chem. 2013, 5, 72-79.

Husband, J.C. Adsorption and rheological studies of sodium carboxymethyl cellulose onto kaolin: Effect of
degree of substitution. Colloid Surf. A Physicochem. Eng. Asp. 1998, 134, 349-358. [CrossRef]

Cerrutti, B.M.; de Souza, C.S.; Castellan, A.; Ruggiero, R.; Frollini, E. Carboxymethyl lignin as stabilizing
agent in aqueous ceramic suspensions. Ind. Crops Prod. 2012, 36, 108-115. [CrossRef]

Chursin, V.I. Synthesis and use of carboxymethylated lignosulfonates. Russ. J. Appl. Chem. 2010, 83, 312-315.
[CrossRef]

Lawal, O.S.; Lechner, M.D.; Kulicke, WM. The synthesis conditions, characterizations and thermal
degradation studies of an etherified starch from an unconventional source. Polym. Degrad. Stab. 2008, 93,
1520-1528. [CrossRef]

Yang, Z.; Li, H.; Yan, H.; Wu, H.; Yang, H.; Wu, Q.; Li, H,; Li, A.; Cheng, R. Evaluation of a novel chitosan-based
flocculant with high flocculation performance, low toxicity and good floc properties. J. Hazard. Mater. 2014,
276, 480-488. [CrossRef]

Aguir, C.; M'Henni, M.F. Experimental study on carboxymethylation of cellulose extracted from Posidonia
oceanica. J. Appl. Polym. Sci. 2006, 99, 1808-1816. [CrossRef]

Barrios, S.E.; Contreras, ].M.; Carrasquero, F.L.; Muller, A.J. Modificacién quimica del almidén de yuca
mediante reacciones de carboximetilaciéon usando monocloro acetato de sodio como agente modificante.
Rev. Fac. Ing. Univ. Cent. Venez. 2012, 27, 97-105.

Kamel, S.; Jahangir, K. Optimization of carboxymethylation of starch in organic solvents. Int. ]. Polym. Mater.
2007, 56, 511-519. [CrossRef]

Ismail, N.M.; Bono, A.; Valintinus, A.C.R.; Nilus, S.; Chng, L.M. Optimization of reaction conditions for
preparing carboxymethyl cellulose. J. Appl. Sci. 2010, 10, 2530-2536.

Kono, H.; Oshima, K.; Hashimoto, H.; Shimizu, Y.; Tajima, K. NMR characterization of sodium carboxymethyl
cellulose 2: Chemical shift assignment and conformation analysis of substituent groups. Carbohydr. Polym.
2016, 150, 241-249. [CrossRef]

Capitani, D.; Porro, F.; Segre, A.L. High field NMR analysis of the degree of substitution in carboxymethyl
cellulose sodium salt. Carbohydr. Polym. 2000, 42, 283-286. [CrossRef]

Ambjornsson, H.A.; Schenzel, K.; Germgard, U. Carboxymethyl cellulose produced at different mercerization
conditions and characterized by NIR FT Raman spectroscopy in combination with multivariate analytical
methods. BioResources 2013, 8, 1918-1932.

Namazi, H.; Rakhshaei, R.; Hamishehkar, H.; Kafil, H.S. Antibiotic loaded carboxymethylcellulose/MCM-41
nanocomposite hydrogel films as potential wound dressing. Int. ]. Biol. Macromol. 2016, 85, 327-334.
[CrossRef]

Upadhyaya, L.; Singh, J.; Agarwal, V.; Tewari, R.P. Biomedical applications of carboxymethyl chitosans.
Carbohydr. Polym. 2013, 91, 452-466. [CrossRef]

Rajput, G.; Pandey, I.P; Joshi, G. Carboxymethylation of Cassia angustifolia seed gum: Synthesis and
rheological study. Carbohydr. Polym. 2015, 117, 494-500. [CrossRef]


http://dx.doi.org/10.1590/S0104-14282005000200004
http://dx.doi.org/10.1016/j.eurpolymj.2015.07.028
http://dx.doi.org/10.1042/bj2560769
http://dx.doi.org/10.1016/j.polymdegradstab.2008.01.011
http://dx.doi.org/10.3103/S0361521911040045
http://dx.doi.org/10.1016/j.carbpol.2009.07.022
http://dx.doi.org/10.1016/j.lwt.2012.02.029
http://dx.doi.org/10.1016/S0927-7757(97)00222-7
http://dx.doi.org/10.1016/j.indcrop.2011.08.015
http://dx.doi.org/10.1134/S1070427210020242
http://dx.doi.org/10.1016/j.polymdegradstab.2008.05.010
http://dx.doi.org/10.1016/j.jhazmat.2014.05.061
http://dx.doi.org/10.1002/app.22713
http://dx.doi.org/10.1080/00914030600945770
http://dx.doi.org/10.1016/j.carbpol.2016.05.003
http://dx.doi.org/10.1016/S0144-8617(99)00173-3
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.076
http://dx.doi.org/10.1016/j.carbpol.2012.07.076
http://dx.doi.org/10.1016/j.carbpol.2014.09.063

Biomolecules 2019, 9, 383 20 of 22

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Wang, L.C.; Chen, X.G.; Liu, C.S.; Li, PW.; Zhou, Y.M. Dissociation behaviors of carboxyl and amine groups
on carboxymethyl-chitosan in aqueous system. J. Polym. Sci. B Polym. Phys. 2008, 46, 1419-1429. [CrossRef]
Pestov, A.V.; Zhuravlev, N.A.; Yatluk, Y.G. Synthesis in a gel as a new procedure for preparing carboxyethyl
chitosan. Russ. |. Appl. Chem. 2007, 80, 1154-1159. [CrossRef]

Konduri, M.K.R.; Fatehi, P. Production of water-soluble hardwood kraft lignin via sulfomethylation using
formaldehyde and sodium sulfite. ACS Sustain. Chem. Eng. 2015, 3, 1172-1182. [CrossRef]
Muthuramalingam, T.; Mohan, B. Taguchi-grey relational based multi response optimization of electrical
process parameters in electrical discharge machining. Indian |. Eng. Mater. Sci. 2013, 20, 471-475.

Vankanti, V.K.; Ganta, V. Optimization of process parameters in drilling of GFRP composite using Taguchi
method. J. Mater. Res. Technol. 2014, 3, 35-41. [CrossRef]

Sasmal, S.; Goud, V.V.; Mohanty, K. Optimisation of the acid catalysed pretreatment of areca nut husk fibre
using the Taguchi design method. Biosyst. Eng. 2011, 110, 465-472. [CrossRef]

Chen, C.Y,; Yen, S.H.; Chung, Y.C. Combination of photoreactor and packed bed bioreactor for the removal
of ethyl violet from wastewater. Chemosphere 2014, 117, 494-501. [CrossRef]

Johnson, C.E.; Smernik, R.J.; Siccama, T.G.; Kiemle, D.K.; Xu, Z.; Vogt, D.J. Using 13C nuclear magnetic
resonance spectroscopy for the study of northern hardwood tissues. Can. J. For. Res. 2005, 35, 1821-1831.
[CrossRef]

Kong, F.; Wang, S.; Price, ].T.; Konduri, M.K.R,; Fatehi, P. Water soluble kraft lignin—acrylic acid copolymer:
Synthesis and characterization. Green Chem. 2015, 17, 4355-4366. [CrossRef]

Sadeghifar, H.; Cui, C.; Argyropoulos, D.S. Toward thermoplastic lignin polymers. Part 1. Selective masking
of phenolic hydroxyl groups in kraft lignins via methylation and oxypropylation chemistries. Ind. Eng.
Chem. Res. 2012, 51, 16713-16720. [CrossRef]

Lemieux, M.; Gosselin, P.; Mateescu, M.A. Carboxymethyl high amylose starch as excipient for controlled
drug release: Mechanistic study and the influence of degree of substitution. Int. J. Pharm. 2009, 382, 172-182.
[CrossRef]

Peng, X.W.; Ren, J.L.; Peng, E; Sun, R.C. Rapid carboxymethylation of xylan-rich hemicelluloses by microwave
irradiation. Adv. Mater. Res. 2011, 236-238, 292-296. [CrossRef]

Wyman, C.E. Aqueous Pretreatment of Plant Biomass for Biological and Chemical Conversion to Fuels and Chemicals;
John Wiley & Sons Inc.: Hoboken, NJ, USA, 2013; pp. 369-390.

Zoia, L.; Salanti, A.; Frigerio, P.; Orlandi, M. Exploring allylation and Claisen rearrangement as a novel
chemical modification of lignin. BioResources 2014, 9, 6540-6561. [CrossRef]

Mcmurry, J. Organic Chemistry; Brooks/Cole Publishing Co.: Pacific Grove, CA, USA, 1996.

Lundquist, K. NMR studies of lignins. 4. Investigation of spruce lignin by TH NMR spectroscopy. Acta Chem.
Scand. Ser. B 1980, 34, 21-26. [CrossRef]

Special Database for Organic Compounds, SDBS# 3508. Available online: https://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_top.cgi (accessed on 10 June 2019).

Special Database for Organic Compounds, SDBS# 582. Available online: https://sdbs.db.aist.go.jp/sdbs/cgi-
bin/direct_frame_top.cgi (accessed on 10 June 2019).

Robert, D. Carbon-13 nuclear magnetic resonance spectroscopy. In Methods in Lignin Chemistry; Lin, S.Y.,
Dence, C.W.,, Eds.; Springer: New York, NY, USA, 1992; pp. 250-273.

Akazawa, M.; Kato, Y.; Kojima, Y. Application of two resinols as lignin dimer models to characterize reaction
mechanisms during pyrolysis. J. Anal. Appl. Pyrolysis 2016, 122, 355-364. [CrossRef]

Lutnaes, B.F.; Myrvold, B.O.; Lauten, R.A.; Endeshaw, M.M. IH and 13C NMR data of benzylsulfonic
acids—Model compounds for lignosulfonate. Magn. Reson. Chem. 2008, 46, 299-305. [CrossRef]

Hallac, B.B. Fundamental Understanding of the Biochemical Conversion of Buddleja Davidii to Fermentable
Sugars. Ph.D. Thesis, Georgia Institute of Technology, Atlanta, GA, USA, 2011.

Ang, A.; Ashaari, Z.; Bakar, E.S.; Ibrahim, N.A. Characterization of sequential solvent fractionation and
base-catalysed depolymerisation of treated alkali lignin. BioResources 2015, 10, 4137-4151. [CrossRef]

Hu, L.; Pan, H.; Zhou, Y.; Zhang, M. Methods to improve lignin’s reactivity as a phenol substitute and as
replacement for other phenolic compounds: A brief review. BioResources 2011, 6, 1-11.

Wang, H.C.; Tian, G.; Chiu, C.Y. Invasion of moso bamboo into a Japanese cedar plantation affects the
chemical composition and humification of soil organic matter. Sci. Rep. 2016, 6, 32211-32216. [CrossRef]


http://dx.doi.org/10.1002/polb.21475
http://dx.doi.org/10.1134/S1070427207070282
http://dx.doi.org/10.1021/acssuschemeng.5b00098
http://dx.doi.org/10.1016/j.jmrt.2013.10.007
http://dx.doi.org/10.1016/j.biosystemseng.2011.09.013
http://dx.doi.org/10.1016/j.chemosphere.2014.08.069
http://dx.doi.org/10.1139/x05-122
http://dx.doi.org/10.1039/C5GC00228A
http://dx.doi.org/10.1021/ie301848j
http://dx.doi.org/10.1016/j.ijpharm.2009.08.030
http://dx.doi.org/10.4028/www.scientific.net/AMR.236-238.292
http://dx.doi.org/10.15376/biores.9.4.6540-6561
http://dx.doi.org/10.3891/acta.chem.scand.34b-0021
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/direct_frame_top.cgi
http://dx.doi.org/10.1016/j.jaap.2016.09.006
http://dx.doi.org/10.1002/mrc.2184
http://dx.doi.org/10.15376/biores.10.3.4137-4151
http://dx.doi.org/10.1038/srep32211

Biomolecules 2019, 9, 383 21 of 22

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Gao, H.; Chen, X.; Wei, J.; Zhang, Y.; Zhang, L.; Chang, J.; Thompson, M.L. Decomposition dynamics and
changes in chemical composition of wheat straw residue under anaerobic and aerobic conditions. PLoS ONE
2016, 11, e0158172. [CrossRef]

Li, Z.; Zhao, B.; Wang, Q.; Cao, X.; Zhang, ]. Differences in chemical composition of soil organic carbon
resulting from long-term fertilization strategies. PLoS ONE 2015, 10, €0124359. [CrossRef]

Babij, N.R.; McCusker, E.O.; Whiteker, G.T,; Canturk, B.; Choy, N.; Creemer, L.C.; De Amicis, C.V,;
Hewlett, N.M.; Johnson, P.L.; Knobelsdorf, J.A.; et al. NMR chemical shifts of trace impurities: Industrially
preferred solvents used in process and green chemistry. Org. Process Res. Dev. 2016, 20, 661-667. [CrossRef]
Gonzalez-Vila, FJ.; Ludemann, H.D.; Martin, F. 3C-NMR structural features of soil humic acids and their
methylated, hydrolyzed and extracted derivatives. Geoderma 1983, 31, 3-15. [CrossRef]

Lewis, N.G.; Sarkanen, S. Lignin and Lignan Biosynthesis; American Chemical Society: Washington, DC, USA,
1998; pp. 255-275.

Mathers, N.J.; Xu, Z. Solid-state 13C NMR spectroscopy: Characterization of soil organic matter under two
contrasting residue management regimes in a 2-year-old pine plantation of subtropical Australia. Geoderma
2003, 114, 19-31. [CrossRef]

Knicker, H. Solid state CPMAS '3C and >N NMR spectroscopy in organic geochemistry and how spin
dynamics can either aggravate or improve spectra interpretation. Org. Geochem. 2011, 42, 867-890. [CrossRef]
Mathers, N.J.; Jalota, RK.; Dalal, R.C.; Boyd, S.E. IBC-NMR analysis of decomposing litter and fine roots in
the semi-arid Mulga Lands of southern Queensland. Soil Biol. Biochem. 2007, 39, 993-1006. [CrossRef]
Balakshin, M.Y.; Capanema, E.A. Comprehensive structural analysis of biorefinery lignins with a quantitative
13C NMR approach. RSC Adv. 2015, 5, 87187-87199. [CrossRef]

Wen, J.L.; Sun, S.L.; Xue, B.L.; Su, R.C. Recent advances in characterization of lignin polymer by solution-state
nuclear magnetic resonance (NMR) methodology. Materials 2013, 6, 359-391. [CrossRef]

Nelson, P; Baldock, J.A. Estimating the molecular composition of a diverse range of natural organic materials
from solid-state '3C NMR and elemental analyses. Biogeochemistry 2005, 72, 1-34. [CrossRef]

Andjia, J.; Nkengfackz, U.; Omum, T. A new prenylated isoflavone and long chain esters from two Erythrina
species. ]. Nat. Prod. 1990, 53, 1425-1429.

Yang, H.; Zheng, X.; Yao, L.; Xie, Y. Structural changes of lignin in the soda-AQ pulping process studied
using the carbon-13 tracer method. BioResources 2014, 9, 176-190. [CrossRef]

Xia, Z.; Akim, L.G.; Argyropoulos, D.S. Quantitative '*C NMR analysis of lignins with internal standards.
J. Agric. Food Chem. 2001, 49, 3573-3578. [CrossRef]

Fulmer, G.R.; Miller, A.J.M.; Sherden, N.H.; Gottlieb, H.E.; Nudelman, A.; Stoltz, B.M.; Bercaw, J.E.;
Goldberg, K.I. NMR chemical shifts of trace impurities: Common laboratory solvents, organics, and gases in
deuterated solvents relevant to the organometallic chemist. Organometallics 2010, 29, 2176-2179. [CrossRef]
Ren, J.L.; Peng, F; Sun, R.C. The effect of hemicellulosic derivatives on the strength properties of old
corrugated container pulp fibres. J. Biobased Mater. Bioenergy 2009, 3, 62—-68. [CrossRef]

Wu, D.; Chang, PR.; Ma, X. Preparation and properties of layered double hydroxide—carboxymethylcellulose
sodium/glycerol plasticized starch nanocomposites. Carbohydr. Polym. 2011, 86, 877-882. [CrossRef]
Sangseethong, K.; Chatakanonda, P.; Wansuksri, R.; Sriroth, K. Influence of reaction parameters on
carboxymethylation of rice starches with varying amylose contents. Carbohydr. Polym. 2015, 115, 186-192.
[CrossRef]

Bhattacharyya, D.; Singhal, R.S.; Kulkarni, P.R. A comparative account of conditions for synthesis of sodium
carboxymethyl starch from corn and amaranth starch. Carbohydr. Polym. 1995, 27, 247-253. [CrossRef]
Lawal, O.S.; Lechner, M.D.; Hartmann, B.; Kulicke, WM. Carboxymethyl cocoyam starch: Synthesis,
characterisation and influence of reaction parameters. Starch 2007, 59, 224-233. [CrossRef]

Yokota, H. The mechanism of cellulose alkalization in the isopropyl alcohol-water-sodium
hydroxide—cellulose system. J. Appl. Polym. Sci. 1985, 30, 263-277. [CrossRef]

Soutsas, K.; Karayannis, V.; Poulios, I.; Riga, A.; Ntampegliotis, K.; Spiliotis, X.; Papapolymerou, G.
Decolorization and degradation of reactive azo dyes via heterogeneous photocatalytic processes. Desalination
2010, 250, 345-350. [CrossRef]

Wang, S.; Hou, Q.; Kong, F,; Fatehi, P. Production of cationic xylan-METAC copolymer as a flocculant for
textile industry. Carbohydr. Polym. 2015, 124, 229-236. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0158172
http://dx.doi.org/10.1371/journal.pone.0124359
http://dx.doi.org/10.1021/acs.oprd.5b00417
http://dx.doi.org/10.1016/0016-7061(83)90080-0
http://dx.doi.org/10.1016/S0016-7061(02)00339-7
http://dx.doi.org/10.1016/j.orggeochem.2011.06.019
http://dx.doi.org/10.1016/j.soilbio.2006.11.009
http://dx.doi.org/10.1039/C5RA16649G
http://dx.doi.org/10.3390/ma6010359
http://dx.doi.org/10.1007/s10533-004-0076-3
http://dx.doi.org/10.15376/biores.9.1.176-190
http://dx.doi.org/10.1021/jf010333v
http://dx.doi.org/10.1021/om100106e
http://dx.doi.org/10.1166/jbmb.2009.1008
http://dx.doi.org/10.1016/j.carbpol.2011.05.030
http://dx.doi.org/10.1016/j.carbpol.2014.08.058
http://dx.doi.org/10.1016/0144-8617(95)00083-6
http://dx.doi.org/10.1002/star.200600594
http://dx.doi.org/10.1002/app.1985.070300121
http://dx.doi.org/10.1016/j.desal.2009.09.054
http://dx.doi.org/10.1016/j.carbpol.2015.02.015

Biomolecules 2019, 9, 383 22 of 22

103. Li, H.; Long, J.; Xu, Z.; Masliyah, ].H. Effect of molecular weight and charge density on the performance of
polyacrylamide in low-grade oil sand ore processing. Can. J. Chem. Eng. 2008, 86, 177-185. [CrossRef]

104. Zafar, M.S.; Tausif, M.; Mohsin, M.; Ahmad, S.W.; Zia-ul-Haq, M. Potato starch as a coagulant for dye removal
from textile wastewater. Water Air Soil Pollut. 2015, 226, 244. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/cjce.20029
http://dx.doi.org/10.1007/s11270-015-2499-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	Synthesis of 1-Carboxypropyl Lignosulfonate and 5-Carboxypentyl Lignosulfonate 
	Methylated Lignosulfonate 
	Taguchi Experimental Design 
	Functional Group Analysis 
	Charge Density Analysis 
	Molecular Weight Analysis 
	Elemental Analysis 
	FT-IR Analysis 
	1H-NMR Analysis 
	13C-NMR Analysis 
	Dye Removal Analysis 

	Results and Discussion 
	Mechanism of 1-Carboxypropylation of Lignosulfonate 
	Mechanism of 5-Carboxypentylation of Lignosulfonate 
	Mechanisms of Methylation of Lignosulfonate 
	1H-NMR Analysis 
	13C-NMR Technique 
	FT-IR Spectrum Analysis 
	Taguchi Method and Optimization 
	Effect of Reaction Conditions on DS 
	Properties of LS, MLS, 1-CPRLS, 5-CPELS, 1-CPRMLS, and 5-CPEMLS 
	Dye Removal 
	Carboxyalkylated Lignosulfonate Comparison 

	Conclusions 
	References

