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Abstract The paper presented a new, non-pollution
macromolecule of adsorbing acid dyes, and developed
the adsorption mechanism on the basis of effect
between the modified groups of hyperbranched hemi-
cellulose polymer and acid dyes. The modified
hyperbranched hemicellulose polymer (HHP) with a
large number of terminal carboxyl groups and
hydroxyl groups was synthesized by hemicellulose
maleate and dihydroxymethyl propionic acid. The
degree of substitution, kinematic viscosity and thermal
stability of HHP was determined. In SEM images, the
HHP exhibited the pores and cross-linked structure
which were good help for dye adsorption. When the
HHP was applied in adsorbing Methyl red dye,
Bromocresol green dye and Bromophenol blue dye,
it exhibited higher adsorption capacity. The adsorption
capacity changed with different adsorbent dosage, pH,
temperature and ionic strength, and the optimal
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adsorption capacity for Methyl red dye, Bromocresol
green dye and Bromophenol blue dye could reach
825 mg/g, 675 mg/g and 912 mg/g respectively. The
adsorption mechanism, adsorption isotherm and
adsorption diffusion mode were demonstrated by
Pseudo-order model, Langmuir model, Intraparticle
diffusion model and Memberance diffusion model
respectively. The adsorption data possessed better
correlation with Pseudo-second-order model, Lang-
muir model and Intraparticle diffusion model. The
adsorption isotherms and thermodynamic date indi-
cated the processes of HPP2 adsorbing three acid dyes
were endothermic. The N,-adsorption/desorption iso-
therms of HPP2 revealed the hyperbranched hemicel-
lulose polymer filled the pore in clusters, and its
adsorption process met with monolayer adsorption.

@ Springer


http://orcid.org/0000-0001-5468-5787
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-019-02483-0&amp;domain=pdf
https://doi.org/10.1007/s10570-019-02483-0

5584

Cellulose (2019) 26:5583-5601

Graphical abstract

H3C\
N
HaC .
dipole bond E
Hydrogen bonding :o C
Q L HO—C—¢
CHs H3CI sS=0

HO §
HsC Q ---------- Ho—c.NwV""‘
Br 2 '

Hydrogen bondin

0o
NV VAV Vo

Keywords Hemicellulose polymer - Modification -
Acid dye - Adsorption capacity - Adsorption
mechanism

Introduction

During the past decade various adsorption techniques
employed for removing organic dyes from water, such
as flocculation sedimentation method, chemical oxi-
dation method, electrochemical method (Peng et al.
2017), membrane separation method (Zhao and Wang
2017) and adsorption method (Fan et al. 2012; Zhou
et al. 2013). Among them, the use of adsorbent was an
effective and convenient method, which had strong
selective adsorption capacity, good mechanical
strength and easy to regenerate (Zheng et al. 2015;
Voit and Lederer 2009). Those adsorbents such as
activated carbon, silica gel, zeolite molecular sieve,
active oxidizing recruit and biomass adsorbent had
been used commonly (Chen et al. 2012). Different
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kinds of adsorbents acted in different dye systems
exhibited different application effects. Recently, the
natural macromolecule with a large number of free
hydroxyl, amine or other active groups had been
studied for adsorbing organic dyes. This polymer
could be modified to improve its chemical inactiva-
tion, poor solubility and pH sensitivity which exhib-
ited efficient adsorbing ability (Zhu et al. 2016). For
example, Hu studied the chitosan was modified by
3-chloro-2-hydroxypropyl trimethylammonium chlo-
ride. The hygroscopicity and decolorization of mod-
ifified chitosan could be improved obviously, and the
decolorization rate of printing wastewater reached
more than 98 % in 45 min (Hu 2008). In 2011,
researchers studied the chitosan was modified by
ethylenediamine to perpare the cross-linked magnetic
chitosan resin. When it was applied to the adsorption
of chromium, the maximum adsorption capacities at
293 K, 303 K and 313 K were 51.813 mg/g, 48.780
mg/g and 45.872 mg/g respectively (Hu et al. 2011).
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Some scientists have noticed hemicellulose, a
renewable natural macromolecule, which was abundant
in plants accounting for about one-third of plant
resources. Hemicellulose contained a lot of hydroxyl
groups which could be modified by the method of
hyperbranching and introducing the different active
groups to gain some appropriate characteristics such as
hydrophobicity, thermoplasticity, water solubility, sur-
face activity and biological functionality (Esposito and
Antonietti 2015; Lu et al. 2015). Ferrari studied the
hemicellulose modified by polyacrylic acid to gain the
hydrogels. The hydrogels had strong hydrophilicity and
swelling ability, and showed remarkable adsorption
ability for Cu*", Cd**, Pb®", Zn>", Ni** and Co®"
(Ferrari et al. 2015). Rahman had modified the
hemicellulose with methyl methacrylate. The modified
hemicellulose adsorbent had super adsorption effect on
Cu?", and the adsorption capacity reached to 305.3 mg/
g (Rahman et al. 2017). Due to the favorable biocom-
patibility (Tirtom et al. 2012; Tripathi et al. 2016; Wang
et al. 2013), the modified hemicellulose had drawn
extraordinary attention in field of adsorbing organic
dyes (Guijarro-Aldaco et al. 2011).

Hyperbranched polymer was a kind of macro-
molecule with high branching structure and a large
number of active end groups, which could be synthesized
and modified easy by one step reaction (Sun et al. 2017,
Li et al. 2012; Ragauskas 2006). The hyperbranched
polymer could take on some advantages such as simple
design, easy operation, low cost and wide suitability.
Some researchers had reported the hyperbranched poly-
mers in adsorbing dyes (Luo et al. 2010; Kanekiyo et al.
2008). For example, Liu and his colleagues studied the
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hyperbranched polymeric ionic liquid with imidazolium
backbones, and it was used to remove the anionic dyes
from water (Schutyser et al. 2018). Delidovich and his
group reported that the hyperbranched polymer could
express the excellent selectivity, and they prepared the
multi-responsive microgel to adsorb the hydrophilic dyes
(Ning et al. 2016).

Based on the above characteristics of hemicellulose
and hyperbranched polymer, our efforts focused on
integrating the advantages of two polymers to be
suitable as a new, non-pollution acid dyes absorbent.
In our study, the modified hyperbranched hemicellulose
polymer HPP1 and HPP2 with terminal carboxyl groups
and hydroxyl groups were synthesized by hemicellulose
maleate and dihydroxymethyl propionic acid step by
step. The acid dyes such as Methyl red dye, Bromocresol
green dye and Bromophenol blue dye with anionic
groups were chose to study the adsorption process of the
modified hyperbranched hemicellulose polymer
(Scheme 1). The adsorption between the modified
hyperbranched hemicellulose polymer and acid dye
depended mainly on dipole bonding and H bonding
forces. The carboxyl group of the modified hyper-
branched hemicellulose polymer and the sulfonate or
azo group of acid dye formed the dipole bonding, while
the hydroxyl of the modified hyperbranched hemicel-
Iulose polymer and hydroxyl or benzene of acid dye
formed the H bonding (Scheme 2). The adsorption
capacity of the modified hyperbranched hemicellulose
polymer was discussed by the dosage, pH, temperature
and ionic strength. Moreover, the adsorption mecha-
nism, adsorption isotherm and adsorption diffusion
mode were evaluated by Pseudo-order model, Langmuir
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Scheme 1 The structure of methyl red dye, bromocresol green dye and bromophenol blue dye
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Scheme 2 The modified hyperbranched hemicellulose polymer adsorbed methyl red dye, bromocresol green dye and bromophenol

blue dye

model, Intraparticle diffusion model and Memberance
diffusion model.

Hyperbranched hemicellulose polymer possess a
large number of active end groups, and it can be easily
prepared. The different end groups can take the
adsorption targeted and the absorbent dose reduced.
Also, the hyperbranched hemicellulose polymer can
be easily degraded. These advantages indicate that
hyperbranched hemicellulose polymer can be applied
better as an ideal dye absorbent.

Experimental
Material

Hemicellulose maleate (HCMA, Molecular weight
24,372, DS 0.97) was synthesized from hemicellulose
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and Maleic anhydride. Hemicellulose (Xylose
80.63%, mannose 11.16%, glucose 6.26%, galactose
1.22%, glucuronic acid < 0.72%, Molecular weight
11,665-14,268) was obtained from Sanyou co. (Tang-
shan, China). Maleic anhydride (AR), N,N-Dimethyl-
formamide (DMF, AR), sodium hydroxide (NaOH,
AR), P-toluenesulfonic acid (P-TSA, AR) and Sulfuric
acid (H,SO4, AR) were purchased from Xiandai
reagent Co. (Shijiazhang, China). 2,2-Bis(hydrox-
ymethyl)propionic acid (DMPA, AR) was purchased
from Aladdin Co. (Shanghai, China). Methyl red dye
(AR), Bromocresol green dye (AR) and Bromophenol
blue dye (AR) were purchased from yongfa Co.
(Tianjin, China).
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Scheme 3 Synthesis of the modified hyperbranched hemicellulose polymer

Synthesis of the modified hyperbranched
hemicellulose polymer

Hyperbranched hemicellulose polymer HHP1 was
synthesized from HCMA and DMPA (Scheme 3).
Typically, HCMA (2.4 g), DMPA (3.88 g), P-TSA
(0.25 g) and DMF (35 mL) were mixed in a flask. The
mixture was stirred at 120 °C under nitrogen atmo-
sphere. The reaction was ended at a constant acid
value. After reaction, the resulted HHP1 was thor-
oughly washed with 95% ethanol, and then dried in a
vacuum oven at 40 °C for 24 h.

The modified hyperbranched hemicellulose poly-
mer HHP2 was synthesized from HHP1 (3.3 g),
DMPA (7.88 g) and P-TSA (0.45 g) on the same
synthetic route as HPP1.

IR (KBr): 3450 cm™' (-OH), 2920 cm™' (-CHj),
1750 cm™'  (-COO-), 1720 cm™' (-COOH),
1690 cm™' (-C = C-).

BC-NMR (400 MHz, D,0, 3): 178 ppm (CH;—
CHOH-COOH), 172 ppm (CH3;-CHOH-COO),
166 ppm (O = C-CH = CH-COOH), 135.6 ppm

(O = C-CH = CH-COO0), 112.3 ppm (CH3;-CHOH-
0), 102.4 ppm (O-CH,-0), 85 ppm (-CH,—~O-CH,-),
76 ppm (CH3-CH,—CH,OH), 73.6 ppm (CH;3-
CHOH-CH,0H), 73.1 ppm (OHCH,—-CHOH-CHs;),
63.2 ppm (-CH2-CH,-O-CH,-), 58 ppm (—-CH-
CH;-0-), 23.3 ppm (-CH-COOH) and 22.3 ppm
(CH5;-CHOH-COOH). The spectral peaks were
signed as r, o, k, m, p, a, f, d, ¢, b, e, g, h and q
separately in the molecular formula (Fig. 3a—c).

Measurements

In followed measurements, the data from all the
experiments were built on measuring three times to get
the accurate value.

The degree of substitution (DS) was measured by
pH Meter to characterize the modified degree of
sample. The HHP (0.1 g) was added in water (40 mL),
and the pH was adjusted to 8.2 by adding NaOH
(0.1 mol/L). Then adding H,SO,4 (0.1 mol/L) to titrate
it until the pH reached to 3.7. The DS was calculated
from the following Equations (Moran et al. 2012):
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DS = 0.168B/(1 — 0.08B) (1)

B =2MV/m (2)

where the M represented molality of HSO,4 (0.1 mol/
L), V represented the volume of H,SO, consumed, m
represented the weight of sample and B represented
the content of Sodium acetate per gram of sample.

The kinematic viscosity was measured by kine-
matic viscosity tester SC-265B. The time t and t, of the
sample (0.01 g/mL) and blank sample flowing through
the capillary viscometer at room temperature were
recorded respectively. The data of the kinematic
viscosity were calculated from the following Equa-
tions (Bodnar et al. 2007):

I'=2x%(I's—InIt)"/?)2 (3)
I's=Ir—1 4)
I't =ty (5)

where I" was the kinematic viscosity, the time t (s) and
to(s) represented the time of sample (0.01 g/mL) and
blank sample flowing through the capillary viscometer
respectively.

Fourier transform infrared (FT-IR) spectra were
taken on a Thermo Nicolet Nexus 670 spectrometer by
scanning 20 times with a resolution of 4 cm ™" within a
spectral range of 450-4000 cm ™.

3C-NMR spectra were obtained by a Bruker-
400 MHz spectrometer using D,O as solvent, and Me
451 was used as internal standard at room temperature.

The morphology of the samples were studied with
SEM S-4800-1. The samples were adhered to con-
ductive adhesive and sprayed with gold before frac-
tographic examination.

The thermal decomposition profiles of the samples
were studied with TG/DTA6200 at a constant rate of
10 °C/min in nitrogen atmosphere from 30 to 600 °C.

The N,-adsorption/desorption isotherms were
obtained by Micromeritics TriStar volumetric adsorp-
tion analyzer 3020 at — 196 C. The amount adsorbed
was measured with the change of relative pressure P/Py,
where the P was the true pressure of N, and Py was the
saturated vapor pressure at the measured temperature.

The adsorption capacity was measured by Ultravi-
olet spectro photo meter TU-1810. First, the standard
curves of Methyl red dye, Bromocresol green dye and
Bromophenol blue dye were obtained by measuring

@ Springer

the absorbance of standard solution at different initial
concentration. Second, adding the sample (0.01 g) to
Methyl red dye (100 ppm), Bromocresol green dye
(100 ppm) and Bromophenol blue dye (100 ppm)
respectively, the mixture was stirred for 60 min at
30 °C, 40 °C, 50 °C, 60 °C and 70 °C respectively.
The adsorption capacity was determined by the
residual concentration of dye derived from absorbance
and standard curve.

The adsorption kinetics was ascertained by Pseudo-
first-order model and Pseudo-second-order model.
The data on Pseudo-first-order model were calculated
from the following Equation (Zhao and Wang 2017):

log (g, — q,) = logq, —k;/2.303  t (6)

The data on Pseudo-second-order model were
calculated from the following Equation (Zhao and
Wang 2017):

t/q = 1/ky % q; + 1/q, *t (7)

where g, (mg/g) was the equilibrium adsorption amount,
q¢ (mg/g) was the adsorption amount at a time, k;
(min~") and k, (g/mg.min) represented the coefficients
of models, and t (min) represented the time of adsorption.

The adsorption isotherm curve was ascertained by
Langmuir model. The data on Langmuir model were
calculated from the following Equation (Zhao and
Wang 2017):

qe :b*qmax*ce/(l +bce) (8)

where C,, (mg/L) was the residual concentration of dye
at equilibrium, q,,x (mg/g) was the largest adsorption
amount, q. (mg/g) was the equilibrium adsorption
amount, and b (L/mg) represented the constant of
Langmuir model.

The data on thermodynamic analysis were calcu-
lated from the following Equations (Fan et al. 2008;
Lima et al. 2019):

KY = (1000 * K. * molecular weight of adsorbate).
[adsorbate]® /y

©)

In(K’) = ~AH’/RT + AS°/R (10)
AG" = —RTIn(K?) (11)
AG" = AH® — TAS" (12)
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where K¢ was the dimensionless hermodynamic
equilibrium constant, y was the coefficient of activity
(dimensionless), [Adsorbate]® (1 mol/L) was the
standard concentration of the adsorbate, K; was the
Langmuir equilibrium constant (given initially in
L/mg converted into L/mol), the molecular weight of
the adsorbate HPP2 (g/mol) was 39,892, R
(8.314 J/mol.K) was the universal gas constant, AH’
(KJ/mol) was the changes of enthalpy, AS°
(KJ/mol.K) was the changes in the entropy, and AG®
(KJ/mol) was the changes in Gibb’s free energy.

The adsorption diffusion mode was ascertained by
Intraparticle diffusion model and Memberance diffu-
sion model. The data on Intraparticle diffusion model
were calculated from the following Equation (Zhao
and Wang 2017):

q =kp #t'/2 4 C (13)

The data on Memberance diffusion model were
calculated from the following Equations (Zhao and
Wang 2017):

In(l —F) = —kg x t (14)

F=q/q. (15)

where q, (mg/g) was the adsorption amount at a time,
g (mg/g) was the equilibrium adsorption amount, k,
(g/mg.min) and k¢ (cm/s) represented the coefficients
of models, C represented the constant of Intraparticle
diffusion model, and t (min) represented the time of
adsorption.

Results and discussion

DS of the modified hyperbranched hemicellulose
polymer

The changes of DS on HCMA polymer and the
modified hyperbranched hemicellulose polymer were
described in Fig. 1. The DS of HCMA could reach the
maximum 0.97, while the maximum DS of HPP1 was
0.89 and the maximum DS of HPP2 was 0.83.
Introducing DMPA constantly, more active hydroxyl
and carboxyl groups increased the branching degree of
main chain. However, the growth of molecular chain
and steric effect influenced the increase of DS on the
modified hyperbranched hemicellulose polymer.

1.00

0.95 +
0.90
0.85 +
0.80
%] 4
A 078

0.70

0.65

—m— [ICMA(MA 1C)
0.60 —e— HPP1(DMPA:HCMA)
—&— HPP2(DMPA:HPP1)

0.55 4

050 T T T T T
1 2 3 4 5 6
molar ratio

Fig. 1 The DS of the modified hyperbranched hemicellulose
polymer

Additionally, more DMPA could cause the breakdown
of the glycosylated bonds between hemicellulose
groups, and reduce the increase of DS gradually. The
prepared HPP2 with maximum DS was selected as
adsorbent. The HPP2 with higher DS had more
carboxyl groups and hydroxyl groups, which the
dipole bond force and hydrogen bond force between
the adsorbent HPP2 and the acid dye were stronger and
the adsorption effect was better.

Kinematic viscosity of the modified
hyperbranched hemicellulose polymer

The kinematic viscosity of HCMA polymer and the
modified hyperbranched hemicellulose polymer were
shown in Table 1. After HCMA polymer was grafted
by DMPA, the long branched chain caused the
increase of viscosity. With the increase of carboxyl
and hydroxyl groups, the polarity and intermolecular
force of the modified hyperbranched hemicellulose
polymer were improved. The higher viscosity of the
modified hyperbranched hemicellulose polymer was
appropriate for absorbing dyes.

Structure analysis

The FT-IR spectra of HCMA polymer and the
modified hyperbranched hemicellulose polymer were
shown in Fig. 2. The characteristic peaks of HCMA
were at 3450 cm™' (-OH), 1750 cm™' (-COO),
1720 cm™' (-COOH) and 1690 cm™' (-C = C-)
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Table 1 The kinematic viscosity of the modified hyper-
branched hemicellulose polymer

Sample (g/ml) Ir I's r
Blank sample 1 0 0
HCMA 1.058 0.058 5.883
HPP1 1.084 0.084 8.741
HPP2 1.181 0.181 17.02

[indicated with HCMA in Fig. 2]. The characteristic
peaks of HPP were at 3450 cm ™! (-OH), 2920 cm™!
(-CH3), 1750 em ™' (-CO0-), 1720 cm ™' (-COOH),
1690 cm™' (-C = C-) [indicated with HPP1 and
HPP2 in Fig. 2]. Compared to the HCMA, the sample
of HPP with more hydroxyl groups indicated a wide
hydroxyl peak at 3450 cm™'. When the DMPA with
methyl group was grafted onto HCMA, the sample of
HPP appeared the methyl peak at 2920 cm™'. The
sample of HPP2 with more carboxyl, hydroxyl and
ester groups exhibited higher hydroxyl peak at
3450 cm ™', ester peak at 1750 cm™' and carboxyl
peak at 1720 cm™' than HPPI.

The ">C-NMR spectra of HCMA polymer and the
modified hyperbranched hemicellulose polymer were
shown in Fig. 3a—c. The sample of HCMA showed
characteristic peaks of carbon connected to double
bond at 140.5 ppm, ester carbon at 169 ppm and
carboxyl carbon at 181 ppm (Fig. 3a). With the
introduction of DMPA, the spectrum of HPP increased
the characteristic peaks of carboxyl carbon at
178 ppm, ester carbon at 172 ppm and hydroxyl

HPP2

S HPPI
& 150 \
] 2920
3ado
100 HCMA
1750«
50 3450 17204 ~1690

4000 3500 3000 2500 2000 1500 1000 500

-1
Wavenumber (cm™)

Fig. 2 The FT-IR spectra of the modified hyperbranched
hemicellulose polymer
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Fig. 4 a The SEM images of the HPP1 and b the SEM images of the HPP2

carbon at 112.3 ppm. Compared to the HPPI
(Fig. 3b), the sample of HPP2 showed higher strong
peaks of terminal carboxyl carbon at 178 ppm, ester
carbon at 172 ppm, hydroxyl carbon at 112.3 ppm and
methyl carbon of the branched chain at 22.3 ppm,
which could be attributed to more hydroxyl and
carboxyl groups introduced from DMPA (Fig. 3c).

SEM analysis of the modified hyperbranched
hemicellulose polymer

The SEM images of the hyperbranched hemicellulose
HPP1 and HPP2 were shown in Fig. 4a, b. There were
many pores in the surface of HPP1 and HPP2. With
DMPA grafted gradually to the HPP2, more branched
chains linked on the hemicellulose macromolecular.
The HPP2 exhibited more distinct cross-linked struc-
ture than the HPP1. The pores and cross-linked
structure were help for dye adsorption. When the
hyperbranched hemicellulose polymer was used for
dye adsorption, dye molecules could quickly cross the
surface of macromolecules and adsorbed by the
hyperbranched hemicellulose polymer. The pores
and cross-linked structure increased the adsorption
area and improved the adsorption capacity. Its struc-
ture showed a good prospect on adsorption
application.

Thermal stability of the modified hyperbranched
hemicellulose polymer

The Fig. 5 displayed the TGA and DTG curves of
HCMA and the modified hyperbranched hemicellu-
lose polymer HPP. All samples showed good thermal
stability, and the temperature data were reported in

Table 2. The cross-linked network structure produced
thermal stability at low temperature. As the branched
ester chains were added on the linear units, the onset
decomposition temperature of hyperbranched hemi-
cellulose polymer was later than the HCMA polymer.
The sample of HPP2 was grafted more branched ester
chains, which resulted in the higher thermal stability.
Because of the consistency of glycosidic bond frac-
tured in hemicellulose molecular chain, the sample of
HCMA, HPP1 and HPP2 exhibited the similar thermal
decomposition curve (Fig. 5b). They had a strong
degradation at about 268-278 °C, and the final
degradation temperature was at about 568-596 °C
(Table 2).

The adsorption capacity on HPP2 adsorbing acid
dyes

The sample of HPP2 was applied in adsorbing Methyl
red dye, Bromocresol green dye and Bromophenol
blue dye. The influences on different dosage of HPP2,
temperature and pH for adsorption capacity were
shown in Fig. 6a—c. The dosage of HPP2 and temper-
ature expressed the similar influence for three acid
dyes, which the adsorption capacity began to increase
quickly and then leveled off. When adding 4% HPP2,
the adsorption capacity reached the maximum value
(Fig. 6a). The optimum temperature was about 60 °C
at which the adsorption capacity of Methyl red dye
showed stronger (Fig. 6b). The pH had some different
influences for adsorption capacity of three acid dyes.
For the Bromocresol green dye and Bromophenol blue
dye, the adsorption capacity increased with the rise of
pH (Fig. 6¢). While for Methyl red dye, the adsorption
capacity decreased with the rise of pH. The pH could

@ Springer
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Fig. 5 a TGA curves of modified hyperbranched hemicellulose
polymer and b DTG curves of modified hyperbranched
hemicellulose polymer

Table 2 TGA data of the modified hyperbranched hemicel-
lulose polymer

Sample T10% (°C) T50% (°C) T90% (°C)
HCMA 179 268 571
HPP1 192 272 576
HPP2 197 278 587

not only affect the surface polarity of adsorbent and
dye, but also affect the dissociation degree of terminal
functional groups on absorbent (Jayakumar et al.
2013; Zuo et al. 2011). As the pH increased, the
carboxyl groups deprotonated gradually. Different
functional groups on Methyl red, Bromocresol green
and Bromophenol blue resulted unlike dipole bonding
and H bonding forces on hyperbranched hemicellulose
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Fig. 6 a The adsorption capacity on different dosage of HPP2,
b the adsorption capacity on different temperature and ¢ the
adsorption capacity on different pH

polymer. The adsorption capacity was affected by the
change of adsorption force. The dipole bonding force
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Fig. 7 a The adsorption capacity on different Ca*" concentra-p (a)
tion, b the adsorption c_apacity on different I\ZIg2+ conceqtration, 1000 :X;‘;{)‘;‘;l green
¢ the adsorption capacity on different NO; ™~ concentration and 5 —e— Bromophenol blue
d the adsorption capacity on different SO,*~ concentration ?E': 900 T —
between HPP2 and Bromocresol green dye or Bro- & "
mophenol blue dye were strengthened, and the 8 L
adsorption capacity was improved. But for Methyl g' 1
red dye, its carboxyl group increased the repulsion 2 —
between HPP2 and dye, which led to the adsorption 1 1
capacity reduce.

It could be seen that the dissociation degree of Ca®* concentration (mol/L)
functional groups on Bromocresol green was more (b)
affected by the external environment than that of oa0 ) e oot areen
Methyl red and Bromophenol blue, resulting in a weak ok ] —~—Bromophenol bue
force between the adsorbent and Bromocresol green e
and a low adsorption capacity. The optimal adsorption i 0
capacity for Methyl red dye, Bromocresol green dye %:é_ 8001 '\-\
and Bromophenol blue dye could reach 825 mg/g, S el
675 mg/g and 912 mg/g respectively. g& o0

The changes of adsorption capacity caused by 2 :
different ion strength were shown in Fig. 7a—d. The < oo g — 1
adsorption capacity at different concentration of Ca®", 600 -y ; . . .
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Mg2+, NO;™ and SO42_ showed the similar changes, Me? Concentration (mol/L)

which the adsorption capacity declined gradually as the ()
increase of concentrations of ion strength. The results 10001 :g—ﬁ:);:zgolgreen
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the competitive adsorption among hyperbranched hemi- g 0004
. . z

f:ellulose polym;r, dye and charged ion, w?uch resulted R S— R
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The adsorption mechanism analysis on HPP2 p
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The kinetic adsorption curves on HPP2 adsorbing NO, Concentration (mol/L)

three dyes were shown in Figs. 8a—c and 9a—c, and the @

related kinetic adsorption data were listed in Table 3. 1000 1 o Brmacresol green
The kinetic adsorption curves could be explained by =01 - _ —4—Bromophenol blue

the related kinetic adsorption data. For Methyl red dye
as example, the R? of the Pseudo-first-order kinetics
adsorption data were 0.899, 0.759 and 0.634 respec-
tively. While the R? of the Pseudo-second-order
kinetics adsorption data were 0.995, 0.998 and 0.996
respectively. Obviously, the Pseudo-second-order
kinetics model showed better consistency than the w50
Pseudo-first-order kinetics model according to the T T T T
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correlation coefficient of R” close to 1. Moreover, the SO, Concentration (mol/L)
data of q. obtained by matching the Pseudo-second-
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Fig. 8 a The pseudo-first-order kinetic adsorption curves on
HPP2 adsorbing methyl red dye, b the pseudo-first-order kinetic
adsorption curves on HPP2 adsorbing Bromocresol green dye
and c the pseudo-first-order kinetic adsorption curves on HPP2
adsorbing Bromophenol blue dye

order kinetic adsorption curve were 28.56 mg/g,
113.6 mg/g and 234.9 mg/g respectively, which were
close to the data obtained from the experiment. The
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Fig. 9 a The pseudo-second-order kinetic adsorption curves on
HPP2 adsorbing methyl red dye, b the pseudo-second-order
kinetic adsorption curves on HPP2 adsorbing bromocresol green
dye and c the pseudo-second-order kinetic adsorption curves on
HPP2 adsorbing bromophenol blue dye

data of HPP2 adsorbing Bromcresol green dye and
Bromophenol blue dye were also met with the Pseudo-
second-order kinetics model well.
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Table 3 The kinetic adsorption data on HPP2 adsorbing dyes

Sample Co (ppm)  Pseudo-first-order kinetic adsorption date Pseudo-second-order kinetic adsorption date
ki< 107 min ) g.mgl)) R’ ke (x 107) (mgmin) g (mefy) R’

Methyl red dye 20 7.32 0.981 0.899 22.1 28.56 0.995
50 8.49 0.973 0.759  3.40 113.6 0.998
100 10.3 0.972 0.634 1.60 2349 0.996
Bromcresol green dye 20 8.95 0.976 0.807 511 5.091 0.997
50 11.6 0.973 0.662 142 15.03 0.991
100 11.7 0.963 0.767 13.4 75.19 0.987
Bromophenol blue dye 20 6.67 0.973 0.905 4.60 62.33 0.999
50 8.69 0.971 0.658  1.40 175.8 0.997
100 9.71 0.966 0.699 265 58.52 0.999

The adsorption isotherm analysis on HPP2
adsorbing acid dyes

The adsorption isotherms curves on HPP2 adsorbing
three dyes based on Langmuir model were shown in
Fig. 10a—c, and the related adsorption isotherm data
were listed in Table 4. The adsorption capacity was
improved with the increase of temperature and then
gradually stabilized (Fig. 10a—c). The adsorption
isotherms curves could be explained by the related
adsorption isotherm data. For HPP2 adsorbing Methyl
red dye as example, the data of R? were 0.962, 0.981
and 0.982 at 30 °C, 40 °C and 50 °C respectively. The
date of R? closing to 1 suggested that the adsorption
could well consistent with Langmuir isothermal
adsorption model (Table 4). The data of g, were
287.5 mg/g, 289.9 mg/g and 301.2 mg/g respectively,
and their slight change with the increase of temper-
ature indicated that the process of adsorption was
endothermic. The data of K;jwere changed from
3.521%107% L/mg, 3.940%10~% L/mg to
3.978*10% L/mg at 30 °C, 40 °C and 50 °C respec-
tively, which implied that raising temperature could
strengthen the HPP2 adsorbing Methyl red dye.
According to the same analysis, the process of HPP2
adsorbing Bromcresol green dye and Bromophenol
blue dye also met with Langmuir isothermal adsorp-
tion model. Above results revealed that the adsorption
process of HPP2 on acid dyes was monolayer adsorp-
tion. At the same time, it may include physical
adsorption process and electrostatic attraction process.

The thermodynamic analysis on HPP2 adsorbing
acid dyes

Thermodynamic data on HPP2 adsorbing three dyes
were listed in Tables 5 and 6. For HPP2 adsorbing
Methyl red dye as example, the data of AG® were
— 35.65 kJ/mol, — 37.11 kJ/mol and — 38.23 kJ/mol
respectively under 303 K, 313 K and 323 K. The
negative AG® indicated that the adsorption process
was spontaneous. With the increase of temperature,
the functional groups on adsorbent surface possessed
more active energy. The temperature affected the
thickness of the boundary layer around the adsorbent,
which could change the diffusion rate of dyes (Tian
et al. 2010). The variation of AG® met the physical
adsorption process, which was consistent with the
results of adsorption isotherms analysis. The negative
AHC indicated the endothermic adsorption process,
and increasing temperature would conducive to the
adsorption. The date of AS® was 72.65 kJ/mol.K,
72.85 kJ/mol. K and 73.11 kJ/mol.K respectively,
which suggested a certain degree of chaotic on
solid-liquid interface. The thermodynamic data testi-
fied HPP2 had a strong adsorption capacity for acid
dyes.

The N,-adsorption/desorption isotherms analysis
on HPP2

The N,-adsorption/desorption isotherms of HPP2

were shown in Fig. 11. Above was the adsorption
curve and below was the desorption curve. At the low
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Fig. 10 a Langmuir adsorption isotherm curves on HPP2
adsorbing methyl red dye, b Langmuir adsorption isotherm
curves on HPP2 adsorbing Bromocresol green dye and
¢ Langmuir adsorption isotherm curves on HPP2 adsorbing
Bromophenol blue dye
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relative pressure, the interaction between HPP2 and
N, was weak resulted the slow increase of amount
adsorbed. When the relative pressure was 0.12, the
desorption rate was only 35.1% (which was the the
ratio of desorption amount and adsorption amount).
Then the relative pressure was improved, the amount
adsorbed increased rapidly. When the relative pressure
was above (.82, the desorption rate exceeded 80%. At
the higher relative pressure, the HPP2 could be
successfully regenerated and repeatedly used in N,
adsorption. The N,-adsorption/desorption isotherms
revealed that the modified hyperbranched hemicellu-
lose polymer filled the pore in clusters, and its
adsorption process met with monolayer adsorption.
The analysis of N,-adsorption/desorption isotherms
was consistent with the results of adsorption isotherms
and thermodynamic analysis.

The diffusion mode analysis on HPP2 adsorbing
acid dyes

Generally, the study on diffusion followed the theory
of four-step adsorption process. First, the dye moved
to the liquid film surface of the adsorbent, which was
called Bulk diffusion. Secondly, the dye moved
toward the surface of the adsorbent and passed through
the liquid film surface of the adsorbent, which was
called Memberance diffusion. Thirdly, the dye con-
tinued to move into the inside of adsorbent, which was
called Interparticular diffusion. Fourthly, the dye was
adsorbed by physical or physicochemical processes,
which was the Solute sorption. Also, many researches
had shown that the first and fourth steps did not
generally become rate control steps, and the second
and third step were the most likely control steps
(Ozcan 2005; Karthik and Meenakshi 2015). It was
necessary to build the diffusion curves based on
Intraparticle diffusion model and Membrane diffusion
model to ascertain the diffusion theory of HPP2 in
adsorption process.

The diffusion curves on HPP2 adsorbing three acid
dyes based on Intraparticle diffusion model and
Membrane diffusion model were shown in
Figs. 12a—c and 13a—c, and the related diffusion data
were listed in Table 7. The diffusion rate varied with
the initial concentration of dye (Figs. 12a—c, 13a—c).
The adsorption diffusion theory on HPP2 adsorbing
three acid dyes could be discovered by the related
diffusion data. For HPP2 adsorbing Bromophenol blue
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Table 4 The Langmuir adsorption isotherm data on HPP2 adsorbing dyes
Sample Temperature (°C) Langmuir adsorption isotherm date
Gmax (Mg/g) K (x 107%) (L/mg) R?
Methyl red dye 30 287.5 3.521 0.962
40 289.9 3.940 0.981
50 301.2 3.978 0.982
Bromcresol green dye 30 395.2 0.034 0.967
40 448.9 0.370 0.976
50 507.4 0.570 0.984
Bromophenol blue dye 30 261.2 1.081 0.982
40 282.7 1.105 0.996
50 456.6 1.138 0.978
Table 5 Equilibrium constants based on Eq. (9)
Sample K. (L/mg) Ky (L/mol) InK?
303 K 313K 323K 303K 313K 323K 303K 313K 323K 303K 313K 323K
Methyl red dye —13.64 — 1431 — 1462 7265 7285 7311 —3565 —37.01 —3823 1415 1426 1427
Bromeresol green dye  — 9.252 — 1047 — 11.69 4854 6548 6635 —2396 —3097 —3372 9510 1190 12.33
Bromophenol blue — 1205 — 1228 —1238 67.79 6895 7001 —3262 —3386 —3499 1295 1301 13.03
dye
Table 6 Thermodynamic data on HPP2 adsorbing dyes
Sample AH® (KJ/mol) AS® (KJ/mol.K) AG® (KJ/mol)
303 K 313 K 323 K 303 K 313K 323K 303K 313 K 323 K
Methyl red dye — 13.64 — 1431 — 14.62 72.65 72.85 73.11 — 35.65 — 37.11 — 38.23
Bromcresol green dye —9.252 — 1047 — 11.69  48.54 65.48 66.35 — 23.96 — 30.97 — 3372
Bromophenol blue dye ~ — 12.05 — 12.28 — 1238  67.79 68.95 70.01 — 3262 —3386 — 3499
dye as example, the R? of Intraparticle diffusion model
were 0.942, 0.760 and 0.806 at 20 ppm, 50 ppm and 010 5
100 ppm respectively, while the R* of Memberance 0091
diffusion model were 0.904, 0.427 and 0.484 at %" 0081
20 ppm, 50 ppm and 100 ppm respectively. Obvi- E 0071
ously the adsorption was more conformed to the 5 0081 \
Intraparticle diffusion model. Moreover, it could be 'g 0.054
discovered that the intercepts of both diffusion model oY Y (—— mu‘“*ﬂ\u\ /
were not 0 (Table 7), which indicated the adsorption 5 003 o /r!
was not controlled by one model but by both models 5 0.02 =t \
. . . . u/)/( U\U\—,
simultaneously. The diffusion modes obtained by 0.01 DI N
HPP2 adsorbing Methyl red dye, Bromocresol green 0.00 - ~o-o

dye and Bromophenol blue dye were consistent with
the adsorption diffusion theory of which the adsorp-
tion rate was controlled both by Intraparticle diffusion

0.0

T
0.6
Relative pressure P/P

0.2 0.4

0.8

Fig. 11 The N,-adsorption/desorption isotherms of HPP2
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Fig. 12 a The intraparticle diffusion curves of HPP2 adsorbing
methyl red dye, b the intraparticle diffusion curves of HPP2
adsorbing bromocresol green dye and c¢ the intraparticle
diffusion curves of HPP2 adsorbing bromophenol blue dye

@ Springer

adsorbing methyl red dye, b the memberance diffusion curves
of HPP2 adsorbing bromocresol green dye and ¢ the member-
ance diffusion curves of HPP2 adsorbing bromophenol blue dye



Cellulose (2019) 26:5583-5601 5599

Table 7 The diffusion data of HPP2 adsorbing dyes

Sample Cop (ppm) Intraparticle diffusion date Memberance diffusion date

K, (g/mg min) Intercept R? Ke (x 1072) (cm/s) Intercept R?

Methyl red dye 20 2.723 135.4 0.866 16 — 1.290 0.902
50 2.997 371.1 0.698 28 — 1.550 0.761
100 8.016 767.2 0.721 29 - 1.720 0.738

Bromcresol green dye 20 5.731 33.89 0.944 24 — 0.041 0.808
50 10.08 127.7 0.746 28 — 0.095 0.676
100 18.74 444.6 0.831 42 - 0.279 0.725

Bromophenol blue dye 20 1.909 144.9 0.942 28 — 1.574 0.904
50 3.091 391.7 0.760 21 — 1.651 0.427
100 5.164 828.4 0.806 21 — 1.967 0.484

model and Memberance diffusion model, and Intra-
particle diffusion model affected more.

Conclusions

The modified hyperbranched hemicellulose polymer
(HHP) was synthesized and analyzed by degree of
substitution, kinematic viscosity, FT-IR, 13C—NMR,
TGA and SEM. The modified hyperbranched hemi-
cellulose polymer had high branched degree and
possessed a large number of terminal carboxyl groups
and hydroxyl groups. In SEM images, the HHP
exhibited the pores and cross-linked structure which
were good help for dye adsorption. The adsorption
capacity on HPP2 adsorbing ethyl red dye, Bromocre-
sol green dye and Bromophenol blue dye were studied
through the adsorbent dosage, pH, temperature and
ionic strength. The adsorption capacity was influenced
significantly by different adsorbent dosage, pH, tem-
perature and ionic strength. The adsorption mecha-
nism of HPP2 adsorbing three acid dyes were
accordance with the Pseudo-second-order kinetic
model better. The adsorption isotherms were more
matched with Langmuir model, and the data indicated
that raising temperature could improve the adsorption
capacity. The results of adsorption isotherms and
thermodynamic date all indicated the processes of
HPP2 adsorbing three acid dyes were endothermic.
The N,-adsorption/desorption isotherms of HPP2
revealed the hyperbranched hemicellulose polymer
filled the pore in clusters, and its adsorption process

met with monolayer adsorption. The adsorption
diffusion mode on HPP2 adsorbing three acid dyes
were discussed by Intraparticle diffusion model and
Membrane diffusion model. The adsorption rate was
controlled both by Intraparticle diffusion model and
Membrane diffusion model, of which Intraparticle
diffusion model affected more. The optimal adsorp-
tion capacity of HPP2 on Methyl red, Bromomethyl
green and Bromophenol blue could reach 825 mg/g,
675 mg/g and 912 mg/g respectively, which were
better than many macromolecules for adsorbing
organic dyes. Compared with others’ research works,
the HHP have a variety of active groups, and as a new,
non-pollution adsorbent it exhibits high efficiency and
adaptability in dye adsorption. At the same time, the
HHP can well meet the needs of regeneration and
reuse.
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