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Abstract

Sulfuric acid lignin (SAL) is a byproduct of the acid saccharification of lignocellulosic materials for bio-fuel generation.
The recalcitrant and highly complex structure of SAL significantly limits its industrial use, making it a useless indus-
trial waste. In a previous study, we proposed a hydrothermal reaction for SAL that can convert it into water-soluble
compounds (HSALs), which considerably expanded its industrial use scenario. In this study, we converted this water-
soluble HSAL into two ionic modifications with applications as flocculants and dispersants. Firstly, the introduction of
a carboxy group was carried out with bromoacetic acid. In the carboxymethylated HSAL (C-HSAL), the carboxymethyl
groups content was as high as 3.66 mmol/g. Dispersibility tests using gypsum paste showed that C-HSAL exhibited a

dispersibility almost equivalent to that of commercial lignosulfonate. Furthermore, another investigation was con-
ducted synthesizing cationized HSAL derivatives by the reaction with glycidyl trimethylammonium chloride (GTA).
Dye removal tests were performed with the obtained lignin-based flocculants using three organic dyes. The results
showed ideal dye removal ratios for the GTA-HSALs (higher than 90% for all dyes tested), thereby suggesting that they
have a huge potential as core molecules to develop high-efficient dye flocculants.
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Introduction

Climate change caused by the excessive use of fossil fuels
has attracted great attention [1]. Bio-fuel generation
by the biorefining industry is a renewable and environ-
mentally friendly energy source [2-4]. However, in the
acid-hydrolysis-based saccharification of woody mate-
rials using concentrated sulfuric acid as catalyst, large
quantities of sulfuric acid lignin (SAL) are generated,
becoming a major industrial by-product. SAL shows an
extremely low reactivity and it is insoluble in water or
organic solvents, due to its highly complex recalcitrant
structure [5, 6]. To overcome this barrier to its indus-
trial use and perform carbon recycling, many attempts
have been made to convert SAL into new raw materials
suitable for chemicals production, using phenolization
[7], Mannich reaction [8], and polyester conversion by
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and indicate if changes were made.

e-caprolactone [9], among other reactions. Those works
have shown that SAL has a good chemical modifica-
tion potential, but the complexity of these processes and
their high total production cost makes it difficult to use
them in large-scale industrial applications. In our previ-
ous report we proposed a simple and low-cost method
using a hydrothermal reaction to convert SAL into water-
soluble compounds (HSAL) [10]. Further analysis of the
structural characteristics of HSAL shows demethylation,
depolymerization, the introduction of phenolic hydrox-
yls, and parts of aromatic ring were slightly broken while
recondensation reactions of sulfuric acid lignin occurred
simultaneously during the hydrothermal reaction.

On the other hand, various kinds of dyes are used as
colorants in the textile, leather, paper, plastic, and food
process industries which caused a huge pollution to the
aquatic environment such as lakes and rivers, result-
ing a lasting ecological disaster [11, 12] Currently, the
inorganic flocculants like ferric salt, aluminum salt, and
magnesium salt are most widely used. But the relation
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between residual aluminum flocculants and Alzheimer
make those flocculants as another terrible environmental
burden [13]. Thence, develop an environmental friendly
and high-efficient dry flocculant become a top prior-
ity. Additionally, the aromatic backbones, with hydroxyl
groups and molecular weight around 4-17 kDa [14], of
the water-soluble HSALs show great potential as matrix
molecules for synthesizing effective flocculants for bind-
ing and precipitating ionic substances in water [15].

Furthermore, the most widely available lignin-based
material is lignosulfonate which is obtained from spent
sulfite-pulping liquors; [16] it has excellent dispersing
properties [17], and it is utilized as a superplasticizer
in concrete and gypsum [18, 19] Its superior dispersion
characteristics are mainly attributed to its water-solu-
ble anionic-polyelectrolyte structure [20, 21] Thus, the
conversion of HSALs into lignosulfonate-like materials
should be an effective way to facilitate their industrial use
[22].

Herein, we now report two kinds of ionic modifications
following the above-mentioned research. Figure 1 sche-
matically shows the schemes used to convert HSALs into
two principal ionized compounds:

(a) HSAL cationization (Fig. la). The water-soluble
cationic HSAL (GTA-HSAL) was synthesized by
HSAL reaction with glycidyl trimethylammonium
chloride (GTA). Elemental analysis was carried
out to estimate the conversion of cationic groups
attached to HSAL and dye removal tests were per-
formed using three organic dyes.

(b) HSAL anionization (Fig. 1b). The water-soluble car-
boxymethylated anionic HSAL (C-HSAL) was syn-
thesized by HSAL carboxymethylation carried out
with bromoacetic acid. Fourier transform infrared
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Fig. 1 Schematic illustration of the conversion of HSAL to a C-HSAL
for dispersant use and b GTA-HSAL for flocculant use
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(FT-IR) spectroscopy, elemental analysis, and car-
boxylic acid group quantification was performed on
C-HSAL, as well as dispersibility tests with gypsum
to compare it to commercial lignosulfonate.

Experimental
Materials
Remazol Brilliant Blue R (RBB) and Direct Red 23 (DR)
were purchased from Sigma-Aldrich Co. LLC, USA. Acid
Black 1 (AB) was purchased from Kanto Chemical Co.,
Inc.,, Japan. GTA was purchased from Tokyo Chemi-
cal Industry Co., Ltd., Japan. Bromoacetic acid was pur-
chased from Wako Pure Chemical Industries, Ltd., Japan.
Japanese cedar (Cryptomeria japonica) chips were
ground into powder (approximately 60—-80 mesh) and
subjected to extractives removal in a Soxhlet extractor
followed by the Klason method to obtain SAL.

HSAL preparation

A mixture containing 500 mg of SAL, 500 mg of alkali
(NaOH), and 15 mL of water was sealed in a stainless-
steel tube with an inner volume of 50 cm® and heated
at 280 °C for 2 h. Immediately afterwards, the tube was
cooled to room temperature by immersion in a water
bath. The reaction mixture was filtered using a 1G3 fil-
ter (Sekiya, Tokyo, Japan) to obtain the liquid form of the
hydrothermally treated SAL (HSAL) which was collected
and dialyzed to remove inorganic reagents using a cel-
lulose tube with a 3500 molecular weight cutoft (Tubing
TM 3500; Bio-Design, Carmel, NY, USA). The reaction
products were lyophilized to obtain the HSAL [9].

Synthesis of cationic lignin derivatives (GTA-HSAL)

GTA is a cationizing agent and conducted here for HSAL
modification. According to the previous study, HSAL
was first dissolved in 0.5 N NaOH, and various quanti-
ties of GTA were added to the solution [12]. After heating
at 50 °C for 3 h, the reaction mixture was dialyzed using
the above-detailed cellulose tube. The reaction products
were lyophilized to obtain GTA-HSAL. The cationic ion
N-(2-hydroxypropyl)-3-trimethylammonium attached to
the HSAL structure was determined by nitrogen content
measurement.

HSAL carboxymethylation

In previous studies [14], we found that HSAL showed a
high content of phenolic hydroxyl groups. Based on this
structural characteristic, the introduction of a carboxyl
group by carboxymethylation with halogenoacetic acid
was performed as follows. 400 mg of HSAL and 0.16 g of
NaOH were dissolved in 50 mL of 80% aqueous metha-
nol followed by the slow addition of bromoacetic acid
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(114 mg/day, reaction time was settled from 3 to 10 days)
and stirring at 60 °C. After the reaction, 2 M HCI was
slowly added to the reaction mixture to adjust its pH to
3. The mixture was dialyzed with the above-detailed cel-
lulose tube to remove excess reagents. The reaction prod-
ucts were collected and lyophilized to yield C-HSAL.

FT-IR spectroscopy

The analyses of HSAL and C-HSALs were performed by
FT-IR spectroscopy (8400 s, SHIMADZU, Kyoto, Japan).
The region between 2000 and 400 cm~! was recorded,
with a resolution of 4 cm™! and 32 scans. Each test sam-
ple was prepared according to the potassium bromide
method.

Elemental analysis

The elemental analysis of HSAL-based compounds was
conducted by CHN coder MT-6 (YANACO Co., Ltd.,,
Kyoto, Japan). Each sample was measured at least three
times.

Measurement of the carboxyl group content

Carboxyl group content of C-HSALs was performed by
dissolving a 30 mg sample of each C-HSALs in 0.5 N
NaOH and titrating it with 0.25 N HCI.

GTA-HSAL dye removal test

Dye removal tests were carried out with three kinds of
organic dyes: RBB, DR, and AB (Additional file 1: Fig-
ure S1) at room temperature (25 °C) [15]. Each dye was
dissolved in water (100 mg/L) and 7 mL of the solution
was placed in a test tube together with a volume of the
GTA-HSAL solution containing the desired amount of
nitrogen, calculated from the results of the nitrogen ele-
mental analysis. After continuous shaking for 10 s, the
mixed solution was left stationary for 10 min followed by
centrifugation at 4000 rpm for 10 min. The absorbance
of the supernatant was measured in an UV-Vis spectro-
photometer (V-530, JASCO, Japan). The UV-Vis spec-
tra wavelengths of RBB, DR, and AB were 593, 506, and
618 nm, respectively. The remaining dye concentration
in the supernatant was calculated from the calibration
curve of each dye. The dye removal efficiency was calcu-
lated based on the following equation:

) -C

Dye removal efficiency (%) = x 100,

where C, and C means the dye concentrations in the
supernatant before and after the dye removal test,
respectively. All the dye removal tests were conducted
three times.
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Evaluation of dispersibility

Dispersibility tests were conducted with gypsum and
compared with commercial lignosulfonate (LS) as fol-
lows (Additional file 1: Figure S2) [19]. A 110 g sam-
ple of gypsum paste was dissolved in 88 mL of water
at 20 °C. After addition of the requisite quantity of the
samples (C-HSALs or LS), the solution was stirred
for 15 s and the resultant gypsum paste was poured
into a ring-shaped container (diameter=50 mm,
height =50 mm) set on a glass plate. After being left
stationary for 10 s, the ring-shaped container was
removed to allow the gypsum paste to spread out on
the glass plate. The final diameter (¢g,,) was meas-
ured, and the flow value was defined with the following
equation:

¢ﬁnal - ¢in

Flow value = ———— x 100
in
where ¢, is the initial diameter (50 mm). The dispers-
ibility test for each sample was carried out at least three
times.

Results and discussion

Characterization of GTA-HSAL

In our previous study, the structural characteristics
analysis results of HSAL clearly show a noticeable
increasing of phenolic hydroxyl content. Meanwhile,
GTA was conducted here to substituting those phe-
nolic hydroxyls with N-(2-hydroxypropyl)-3-trimeth-
ylammonium and synthesis a cationic HSAL derivative
(GTA-HSAL).

The elemental analyses of the GTA-HSALs are shown
in Table 1. Comparing GTA-HSAL with HSAL, the
differences in nitrogen content are attributed to the
N-(2-hydroxypropyl)-3-trimethylammonium, the cati-
onizing agent used for HSAL modification, attached
to its structure. An increase in the nitrogen content is
observed at higher GTA additions. The highest nitrogen
content is 6.98% for the 15 mL GTA addition, which
indicated GTA cationic ion attached to each lignin phe-
nylpropane base unit of HSAL.

Dye removal property on GTA-HSAL

In our previous study [23], kraft lignin was conducted
to prepare the mordant for rosin sizing by introduction
of amino group. Results shown that the reaction prod-
uct failed to exhibit any mordant characteristic. The
efficiency of a mordant is well known to be mainly due
to its molecular weight, charge density and molecular
geometric structures. The nitrogen content of the reac-
tion product was sufficient; however, the molecular
weight was lower leading to the low mordant efficient.



Liu et al. J Wood Sci (2019) 65:18 Page 4 of 7
Table 1 Elemental analyses of HSAL and GTA-HSAL

Samples HSAL (mg) GTA (ml) GTA-HSAL (mg) C (%) H (%) 0 (%) N (%)
HSAL 280-2 / / / 55.19 435 40.34 0.12
GTA-HSAL #1 100 15 203 4200 9.01 4202 6.98
GTA-HSAL #2 100 7.5 163 4832 778 3831 5.60
GTA-HSAL #3 100 3.8 151 49.90 7.58 3735 5.18
GTA-HSAL #4 100 19 150 51.27 7.34 36.26 5.14
GTA-HSAL #5 100 09 146 50.50 7.60 36.90 5.02

Based on this conclusion, we believe that kraft lignin
and soda lignin have no possibility to convert into floc-
culants with high efficiency.

In this study, the dye-flocculating properties of GTA-
HSAL were evaluated using three types of anionic dyes:
RBB, DR, and AB. GTA-HSAL was added to the dye solu-
tions to start-up dye flocculation. The dye removal effi-
ciency was evaluated by measuring the dye concentration
in the supernatant liquid of the mixed solution.

The resultant dye removal efficiencies, based on the
molar ratio between cationic quaternary amino groups
in the GTA-HSAL and the three dyes, RBB, DR, and
AB, are summarized in Fig. 2. GTA-HSAL presents ideal
dye removal at certain nitrogen-to-dye molar ratios. For
RBB, the best removal efficiency (99.05%) is at 4.16 N of
GTA-HSAL/-SO4 of dye (mol/mol). If the nitrogen-to-
dye molar ratio was higher than this optimum, the dye
removal efficiency drastically decreased, due, probably, to

their positive conversion in the solution. For DR, GTA-
HSAL shows the highest removal efficiency (98.08%) at a
lower nitrogen-to-dye molar ratio than for the other dyes
and demonstrates wide-range applicability. In the case of
AB, the general trend is similar to that for RBB and DR
but with the lowest best-dye removal-efficiency nitrogen-
to-dye molar ratio (93.4%).

From these results, we can conclude that GTA is an
efficient cationizing agent for converting HSAL into
GTA-HSAL. Furthermore, the dye removal tests showed
that GTA-HSAL had an ideal removal efficiency for these
three organic dyes. The molecular weight of the cationic
lignin-based flocculants should have an important role
for achieving high efficiency. The skeletal structure of
HSAL is a hydrophobic phenylpropane unit with a higher
phenolic hydroxyl content (4.77%) [14] which enhanced
the addition of the N-(2-hydroxypropyl)-3-trimethylam-
monium (cationic ion) to HSAL in the GTA treatment.
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Fig. 2 Results of dye-removal tests between GTA-HSAL and three organic dyes. *Removal efficiency at optimal dosage
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=: Anionic organic dye

Fig. 3 Schematic illustration of flocculation behavior between GTA-HSAL cationic flocculants and anionic dyes

Table 2 Carboxymethylation of HSAL

Table 3 Elemental analysis of HSAL and C-HSALs

Reaction conditions C-HSAL Carboxyl
Amount group content
Bromoacetic Time (day) (mg) (mmol/g)
acid (mg)
C-HSAL#3  114x3 3 400 1.66
C-HSAL#5  114x5 5 403 283
C-HSAL#10 114x 10 10 414 3.66

Based on these results, we can conclude that the cati-
onic ion introduced to the phenolic hydroxyl would be
the key factor for GTA-HSAL showing ideal removal effi-
ciencies for these three organic dyes. The anionic dyes
and the flocculants are mixed in the solution and, due to
the electrostatic coupling; the molecules neutralize and
decrease their water solubility due to flocculation. Then
the hydrophobic interaction between the neutralized
molecules forms larger agglomerates. On the other hand,
if the nitrogen-to-dye molar ratio is too high, the inner
cationic site will not carry out the electrostatic coupling
because of steric hindrance, causing the dye removal effi-
ciency to drastically decrease. We hypothesize the floccu-
lation behavior between GTA-HSAL and anionic dyes to
be as depicted in Fig. 3.

HSAL carboxymethylation (CHSAL)

The introduction of a carboxyl group by carboxymeth-
ylation with halogenoacetic acid was conducted accord-
ing to a previous study [24]. As in the latest report [14], a
higher phenolic hydroxyl content was observed after the
hydrothermal reaction with SAL. Halogenoacetic acid
reacted with the phenolic hydroxyl groups and intro-
duced carboxymethyl groups; 80% aqueous methanol
was applied as the reaction solvent; the reaction condi-
tions and C-HSALs properties are shown in Table 2. The
increase in the quantity of the reagent and the prolonga-
tion of the reaction time resulted in an increase in the
number of introduced carboxymethyl groups (from 1.66
to 3.66 mmol/g).

C (%) H (%) N (%) O (%)
HSAL 280-2 55.19 4.35 0.12 40.34
C-HSAL #3 5565 3.90 0.18 40.27
C-HSAL #5 5562 4.03 0.20 40.15
C-HSAL #5 58.72 4.27 0.15 36.86

Table 3 presents the elemental analyses results of HSAL
and C-HSALs. HSAL had an oxygen elemental content
higher than that of the C-HSALs, and, among C-HSALs,
it decreased with an increase in reagent quantity and
reaction time. The comparison of the oxygen contents
of the HSAL and C-HSALs indicate that carboxymethyl
groups were introduced during the carboxymethyla-
tion of HSAL. This result is consistent with the com-
parison results of the carboxyl group between HSAL and
C-HSALs.

The FT-IR spectra of HSAL and C-HSALs are shown
in Fig. 4. Comparing C-HSAL with HSAL, we find that
the 1760-1690 cm™' (C=O stretch), 1440-1395 c¢cm™!
(O-H bend), and 1320-1210 cm™! (C-O stretch) peaks
are increasing which suggests the introduction of the car-
boxymethyl group into HSAL by the carboxymethylation
with halogenoacetic acid.

C-HSAL dispersibility

Dispersant is a very practical engineering additive which
applied into the gypsum wallboard slurry to reduce the
amount of water used which allows lower energy use and
help achieve improved efficiency. According to our pre-
vious study [19], the molecular weight of lignosulfonates
also influenced dispersibility. Results shown clearly that
the dispersion effect and the molecular weight of the dis-
persant matrix molecules are also highly positively cor-
related. From the result, we believe that it is difficult to
obtain dispersants with high efficiency from kraft lignin
and soda lignin because of their low molecular weight.
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Fig. 4 FT-IR spectra of HSAL and C-HSALs
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Fig. 5 Flow values of C-HSALs and LS (0.1% dosage). Standard
deviations were shown as error bars

In this experiment, the dispersibility of the C-HSALs
was determined by the fluidity of gypsum paste in the
presence of the additives and measured with small-scale
testing equipment [21]. Figure 5 shows the dispersion
efficiencies of all the prepared water-soluble C-HSALs
derivatives at 0.1% dosage. This suggests that C-HSAL
possesses a high efficiency (the average flow value of
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C-HSAL #10 is 146.74 while the blank shows 105.76) and
a dispersibility almost equivalent to that of commercial
lignosulfonate (average flow value 155.61). Among the
three C-HSALSs, the dispersion efficiency increases with
a higher carboxymethyl group into HSAL: the average
flow values of C-HSAL #3 and #10 are 123.49 to 146.74,
respectively, while their carboxymethyl contents are 1.66
and 3.66 mmol/g, respectively.

It has been found that the efficiency of a dispersant
is significantly affected by its molecular weight and
related to its steric repulsive force. Further research indi-
cates that the steric repulsive force had a greater effect
than the electrostatic repulsive force on the fluidity of
cement paste [18]. In this study, the molecular weights
of C-HSALs (approximately 4—10 kDa) were higher than
that of LS (around 5.8 kDa), and this suggests that the dif-
ference in molecular weights may be one of the reasons
for the efficiency differences of the prepared polymers.
Concerning these points, we hypothesize the dispersion
behavior between C-HSAL and gypsum paste to be as
shown in Fig. 6.

Conclusions

1. Dye removal tests were performed using three
kinds of organic dyes and GTA-HSAL-based floccu-
lants. We ideal dye removal ratios by GTA-HSALs,
higher than 90% for all dyes tested, which suggested
that they have a huge potential as core molecules to
develop high efficiency dye flocculants.

2. The carboxymethylation with bromoacetic acid
was carried out. Dispersibility tests using gypsum
paste showed that the C-HSALs have dispersibilities
almost equivalent to that of commercial lignosul-
fonate.

3. From these results, we believe that HSAL has poten-
tial, with some chemical modifications, to produce
raw materials for various industrial uses.

@ OH Bromoacetic acid
I

OH

%

____________

Gypsum Paste

Fig. 6 Schematic illustration of dispersion behavior between C-HSAL and gypsum paste
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Additional file

Additional file 1: Figure S1. Chemical structure of three dyes for dye
removal test. Figure S2. Schematic procedure for evaluation of dispers-
ibility test.

Abbreviations
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reacted with GTA; FT-IR: Fourier transform infrared; RBB: Remazol Brilliant Blue
R; DR: Direct Red 23; AB: Acid Black 1; LS: lignosulfonate.
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