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Abstract Oily sewage poses a serious environmental risk normally; thus, herein, the modified guar

gum (GG-SH) was prepared through rapid condensation reaction between polysaccharide and stea-

ric hydrazide. GG-SH exhibited high removal efficiency of crude oil, the maximum adsorption

capacity was calculated to be 2157.3 mg�g-1. The kinetics and isotherm statistical theories showed

that the sorption of crude oil onto GG-SH was governed by pseudo-second-order, and Langmuir

models, respectively. The removal rate was still high after six cycles of regeneration, indicating

an outstanding technique to prepare polysaccharide-based material for the oily sewage treatment

with high efficiency and recyclability.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Frequent oil spill accidents and water pollution caused by industrial oil

wastewater discharge seriously threaten the marine ecological environ-

ment and human health (Cheng et al., 2020, Asadu et al., 2021, Black

et al., 2021, Chhabra and Singh 2021, Ding et al., 2021, Damavandi

and Soares 2022). Approximately 10 billion m3 of oily wastewater is

produced worldwide every year according to statistics, and this

amount still continues to increase(Bajpai et al., 2020). Emulsified oil

are quite complicated compounds that are usually composed of conju-

gated phenyl structures, which are responsible for their non-
degradability and high toxicity(Baloo et al., 2021, Gkogkou et al.,

2021, Guselnikova et al., 2021, Haselroth et al., 2021, He et al.,

2022). Hence, oily sewage and sludge are heavy burdens for economy

and environment(Liu et al., 2018, Ge et al., 2019, Tan et al., 2022). Due

to the fact most components on this type have very low biodegradabil-

ity, they are stable toward heat, light, and oxidizing agents their liber-

ation to the environment through wastewaters may affect the

biosphere(Kilany et al., 2020, Jiat Lee et al., 2021, Kallem et al.,

2021, Kirkebæk et al., 2021, Krebsz et al., 2021, Lawal et al., 2021,

Magalhães et al., 2021, Mahdi et al., 2021). In addition, they are muta-

genic and carcinogenic. In this circumstance, several methods can be

applied for detection and treatment of wasterwater(Yamini et al.,

2012, Abdel Maksoud et al., 2020, Tang et al., 2020, Guan et al.,

2021, Osman et al., 2022, Tawfik et al., 2022)., including chemical pre-

cipitation, demulsification, oxidation process(Tawfik et al., 2022),

adsorption(Bai et al., 2022), degradation(Liu et al., 2022) and photo-

catalysis(Shamloufard et al., 2022, Wang et al., 2022). Of these meth-

ods, adsorption is most widely used owing to its advantages of cheap,

efficient and easy to use. There are various raw materials used for oil

adsorption, such as supramolecular gels(Medina et al., 2021,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.104532&domain=pdf
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Mottaghi et al., 2021, Shui et al., 2021), carbon-based materials(Gupta

et al., 2014, Diraki et al., 2019, Yang et al., 2019, Schaefer et al., 2021,

Shi et al., 2021, Yang et al., 2021, Zhang et al., 2021), silicon material

(Li et al., 2018), metallic nanoparticles(Al-Husaini et al., 2019, Alheety

et al., 2019, Bi et al., 2019, El-Maghrabi et al., 2019, Javadian et al.,

2019, Elmobarak and Almomani 2021, Farahbod and Afkhami

Karaei 2021, Kallem et al., 2021, Damavandi and Soares 2022), zeolitic

imidazolate frameworks(Ahmadi et al., 2021, Ahmadi et al., 2022,

Naeini et al., 2022, Naeini et al., 2022), metal oxides(He et al., 2022)

and 3D imprinted polymers(Arabi et al., 2016, Arabi et al., 2017,

Ostovan et al., 2018, Bagheri et al., 2019). However, these adsorbents

still have some drawbacks, such as either low or limited adsorption

capacities or poor extraction efficiencies(Liu et al., 2014). Moreover,

most of them are problematic in terms of their recycling and reuse.

The criteria for the selection of ideal adsorbents are based on several

factors that include effective, safe, eco-friendly, low-cost recyclability,

high porosity, adsorbent cost and easiness in separation(Abdel

Maksoud et al., 2020, Osman et al., 2022). Therefore, novel high-

efficiency adsorbents still need to be studied and created.

Among all those adsorbents reported before, bio-based materials

have drawn much attention for trapping analytes in recent years(Sun

et al., 2008, Ahmaruzzaman and Gupta 2011, Al.Haddabi et al.,

2015, Chai et al., 2015, El Shahawy and Heikal 2018, Phanthong

et al., 2018, Bao et al., 2019, Li et al., 2020, Martins et al., 2020,

Zhang et al., 2020, Zhang et al., 2021). Polysaccharide was famous

for its low cost, clean and reactivity. Guar gum is a kind of chained

polysaccharide, which has attracted special attention due to its avail-

ability, low cost and environmental protection characteristics. In addi-

tion, their surfaces can be easily customized to meet functional.

Despite the fact that guar gum and its derivatives have broad variety

of applications, they suffer from drawbacks like high hydrophilic

and swelling characters(Chandrika et al., 2016, Yang et al., 2017).

Chemical modification of guar gum is indeed an efficient way not only

for circumventing the drawbacks of the polysaccharide, but also for

improving its properties and those of grafted functional groups

(Patra et al., 2017). A number of efforts have been undertaken to

develop modified gum-based adsorbents with their desired properties

at present(El Assimi et al., 2019, Wang et al., 2019, Saya et al.,

2021, Tabatabaeian et al., 2021). When referring to how to produce

high-efficiency adsorbent, it mentioned mainly process changes and

the use of modification of carbohydrate chain(Mukherjee et al.,

2018, Gihar et al., 2021, Saya et al., 2021).

Previous studies have found a series of highly effective adsorbents

based on modified guar gum for dealing with toxic waterborne con-

taminants(Duan et al., 2019, Ma et al., 2019). Herein, our purpose is

to optimize properties of guar gum with simple procedures in order

to develop new and efficient adsorption materials for the treatment

of oily sewage. Binding with stearyl hydrazine enhances the surface

area of the polymer matrix and provides additional binding sites for

more efficient adsorption of contaminants. The adsorption properties

of stearic acylhydrazone modified guar gum (GG-SH) for crude oil

in aqueous solution were examined. The material exhibited dramatic

capacity of demulsification and separation for oily sewage. The excep-

tionally high adsorption capacity of the GG-SH in the uptake of oil

was explained on the basis of different structural and morphological

characterization results.

2. Experimental

2.1. Materials

Guar gum was purchased from Aladdian Inc(viscosity:
5000 mPa.s; 200 mesh). Ethanol (99.0 % purity), p-

toluenesulfonic acid monohydrate(TsOH) (98 % purity), ethyl
stearate (98 % purity), KBr (99 % purity), hydrazine monohy-
drate (80 % purity) were purchased from Adamas Inc and used
without further purification. Oily sewage was obtained from
oilfield in the Bohai Sea.

2.2. Preparation

2.2.1. Synthesis of stearic hydrazide

3.12 g (10 mmol) ethyl stearate, 10 mL hydrazide hydrate
(80 %) and 50 mL ethanol were placed in a 250 mL flask
and stirred until completely dissolved. The system was stirred

at 78 ℃ and refluxed for 4 h. The solution was cooled to room
temperature to obtain white flocculent crystals, which were fil-
tered and recrystallized with 50 % ethanol aqueous solution.

2.2.2. Preparation of stearic acylhydrazone modified guar gum
(GG-SH)

AGG (Dialdehyde guar gum) was prepared via a literature

method (Duan et al., 2019), and was ultrasonic dispersed in
ethanol for 30 min. A mixture of AGG (2 g), stearic hydrazide
(3.2 g) and TsOH (0.5 g) were stirred at 45 �C for 72 h while
white powder was obtained, filtered and washed with ethanol

for three times to remove excess stearic hydrazide and catalyst.
The products were dried in a vacuum oven at 45℃ for 12 h.
The detailed preparation procedure of GG-SH was described

in the Supporting Information (Figure S1).

2.3. Characterization

Fourier Transform infrared spectrometer (FT-IR-S-8400) used
KBr disk for FT-IR spectral analysis in 400–4000 cm�1 region.
Scanning electron microscope (SEM) images were obtained on

a field emission scanning electron microscope (SU8220). Opti-
cal microscope images were obtained by laser scanning confo-
cal microscope (LSCM, Eclipse Ti, Nikon, Japan) with
excitation wavelength of 488 nm.

2.4. Experimental methods

The oil content of sewage is an important index to evaluate the

properties of oil absorbing materials in this paper, according to
the UV-fluorescence spectrophotometry, using OilTech121A
handheld oil measuring instrument to determine the oil con-

tent in sewage, the operation steps are as follows:
(1) Remove 100 lL dehydrated crude oil with a pipette gun

into a 100 mL volumetric flask, add n-hexane to dissolve it,

and set the volume to 1000 mg/L standard crude oil solution.
(2) Dilute the standard crude oil solution with n-hexane to

six concentration gradients of 10 mg/L, 25 mg/L, 50 mg/L,
100 mg/L, 250 mg/L and 500 mg/L, respectively.

(3) Add the prepared solution into the sample tube and cal-
ibrate the instrument.

(4) Take a quantitative amount of oil-bearing sewage,

extract the crude oil with n-hexane, take the oil phase of the
upper layer and dilute it with n-hexane again for ten times to
prevent the measured value from exceeding the instrument

range, use an oil meter to measure the oil content in oil-
bearing sewage before and after treatment, and record it as
X1 and X2 respectively. Formula is used to calculate the oil
removal rate of the process.

a ¼ x1 � x2

x1



Fig. 1 A)1H NMR spectra of guar gum, AGG and GG-SH; b)FT-IR Spectra of guar gum, AGG and GG-SH. c) SEM images of guar

gum, AGG and GG-SH.
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Where: a = oil removal rate, %.
X1 = Oil content of sewage before treatment, mg/L.
X2 = Oil content of treated sewage, mg/L.

For the desorption experiment, the emulsified oil adsorbed
GG-SH were washed thoroughly with ethanol. After desorp-
Fig. 2 A) contact angle of guar gum, agg and gg-sh; b) contact

angle of a series of different long chain alkylhydrazone modified

guar gum.
tion equilibrium, the adsorbent was reused in adsorption
experiments (adsorbent, 5 mg; oily sewage, 10 mL) and the
process was repeated six times.

3. Results and discussion

3.1. Characterization

3.1.1. 1H NMR
1H NMR spectra of natural guar gum, AGG and GG-SH are
shown in Fig. 1 a) below, respectively. By comparing the spec-

tra of the three, the peaks appearing at 4.5–5.5 ppm are attrib-
uted to in the –OH group in the mannose and galactose. The
Fig. 3 Oil removal performance of GG-SH.
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peak appearing at 9.44 ppm is attributed to the aldehyde group
in the structure of AGG, showing that AGG was prepared via
oxidation using sodium periodate. As is displayed in the spec-

tra of GG-SH, the multiple peaks in 1.51 ppm are attributed to
Fig. 4 (a) Langmuir, (b) Freundlich, and (c) Temkin iso

Fig. 5 (a)The adsorption capacity of GG-SH at 298.15 K, 313.15 K

adsorption by GG-SH.
the long main chain of alkyl groups, demonstrating the modi-
fication of AGG with stearic hydrazide has achieved. 1H NMR
spectra confirmed that non-aqueous long chain alkane was

partially grafted on structures of polysaccharides.
therms for the adsorption of oily sewage by GG-SH.

and 328.15 K; (b)The adsorption thermodynamics curve of oil
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3.1.2. FT-IR

To further investigate the structure of GG-SH, an FT-IR study

was carried out (Fig. 1b). In the spectra of guar gum, the
absorption peaks at 3430 cm�1, 2931 cm�1 belongs to the –
OH group, and CAH stretching vibrations, respectively. In

the spectra of AGG, the peak appearing at 1698 cm�1 is attrib-
uted to the C‚O, indicating the successful oxidation of
sodium periodate. As is shown in spectrum of GG-SH, the

peaks at 2922 cm�1 and 2850 cm�1 are attributed to methylene
on the long chain alkyl group, showing the condensation of
AGG with stearic hydrazide has achieved.

3.1.3. SEM

The microstructures of GG-SH were manifested from their
SEM images. Fig. 1c are representative SEM images of guar

gum, AGG and GG-SH, respectively. Modified material
GG-SH particle surface has a large number of chaotic flake
stack structure and accompanied by a large number of hollow
Fig. 6 A) the adsorption capacity of gg-sh in different adsorption tim

c) pseudo-second-order kinetic plots for oil adsorption onto gg-sh.
spaces(Wen et al., 2021). The appearance of the structure dif-
ferences might be due to the introduction of the long alkyl
chain increases the modification of the van der Waals force

of guar gum, make it to a certain extent, shows the tendency
of 3 d mesh, and further increase the material’s surface area.
This provides structural and theoretical basis for the subse-

quent study on the treatment performance of modified guar
gum to oil pollutants.

3.1.4. Static contact angle experiments

Static contact angle experiments are widely used to demon-
strate the hygroscopicity of solid surfaces in contact with liq-
uids. Therefore, after oxidation modification, the hydroxyl

group in the structure of the aldehyde guar gum is transformed
into aldehyde group, and the difference of hydrophilicity
between long chain alkyl, aldehyde group and hydroxyl group

results in the significant contact angle change of guar gum,
AGG and GG-SH. Fig. 2a showed the contact angle values
e; b) pseudo-first-order kinetic plots for oil adsorption onto gg-sh;
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of guar gum, AGG and GG-SH. The glue droplets of stearyl
acylhydrazone modified by long chain alkyl can exist stably
on the surface of the sample without wetting, and the contact

angle with water is 117.8�. The contact angle results show that
the introduction of alkyl can effectively improve the surface
tension between carbohydrate and water, and improve the

hydrophobicity of the target material. Polysaccharides are
polar groups and alkyl groups are non-polar groups, introduc-
tion of stearyl substituent not only improves the affinity of the

adsorbent to oil making it easier to capture oil droplets, but
also reduce the polarity to prevent the adsorbent from
reuniting.

In order to explore the relationship between the length of

alkyl and hydrophobicity of modified guar gum, a series of
hydrazides with different carbon chain lengths were selected
to be combined with AGG, and corresponding alkylhydrazone

modified guar gum were prepared according to preparation
section. The relationship between hydrophobicity and carbon
chain length was determined by the contact angle test with

water as shown in Fig. 2b. The experimental results showed
that the hydrophilicity of the modified guar gum decreases
and the contact angle increases with the increasing of the car-

bon chain.

3.1.5. BET analysis

Nitrogen gas sorption isotherms at 77.35 K corresponded to

the calculated specific surface area BET in Figure S4. The aver-
age pore size distribution of GG-SH calculated based on
Barret-Joyner-Halenda theory(Shi et al., 2022) (BJH) was
Table 1 Adsorption capacities of various adsorbents for the adsorp

Adsorbents Adsorption time（h）

Stearic acylhydrazone modified guar gum 0.1

Amphiphilic Chitosan Derivative 0.1

Surfactant modified sepiolite 1.5

GO powder 0.2

Phragmites australis 2.0

Ultra-light carbon foams 1.5

Modified date seeds 2.0

Table 2 Adsorption kinetics of various adsorbents for the adsorpti

Adsorbents Adsorption time

（h）

Stearic acylhydrazone modified guar gum 0.1

Modified diatomaceous earth 0.83

Polyether polysiloxane-grafted ZIF-8 1.5

Magnetic hollow buoyant alginate beads 1

Hyperbranched polyglycerol polymer-coated silica

nanoparticles

0.5

Stearic acid grafted mango seed shell 0.67

Stearic acid grafted coconut husk 0.8

Modified pinewood biochar 1.0
found to be 1.753 nm, which can offer high accessibility to
adsorption sites. BET surface area was calculated to
4.437 m2/g. After adsorption, BET surface area was decreased

to 0.952 m2/g due to the occupancy of adsorption site by oil
components.

3.2. Adsorption study

In order to study the adsorption performance of GG-SH
towards oil components the oily sewage from an oilfield in

Bohai Sea was selected as the treatment object. Adding 0.1 g
GG-SH powder to 20 mL oily wastewater, shake for 10 min
to make it completely mixed and then stand for 15 min, the

color change of water sample will be observed. Fig. 3 shows
the comparison of oily sewage before and after the treatment.
Apparently, GG-SH has a significant adsorption effect on
emulsified oil components in sewage, and the treated water is

clear and nearly colorless, confirming that GG-SH is an effi-
cient oil adsorption material.(See Fig. 4).

3.2.1. Adsorption isotherms

Interaction of solid–liquid phase during the adsorption process
would be explained by the adsorption isotherm. Different
types of models, like Langmuir, Freundlich and Temkin iso-

therm(Liu et al., 2021), were applied to simulate and under-
stand the adsorption mechanism of crude oil on GG-SH. On
the basis of the results in Fig. 6, the adsorption isotherms

may follow the Langmuir model, the experimental values of
qm for oily sewage was calculated to be 2157.3 mg�g�1(-
tion of oily sewage.

Maximum adsorption

capacities（mg/g）
recycle Refs

2157.3 6 This work

714.4 3 (Sun et al., 2008)

454.6 5 (Li et al., 2018)

1335.1 3 (Diraki et al., 2019)

3333.5 3 (El Shahawy and Heikal 2018)

1627.8 – (Yang et al., 2019)

74.6 – (Al.Haddabi et al., 2015)

on of oily sewage.

Kinetic models R2 Refs

Pseudo-second-order 0.997 This work

Pseudo-second-order 0.999 (Sakti et al., 2022)

Pseudo-first order 0.996 (Wu et al., 2021)

pseudo-second order 0.999 (Sakti et al., 2021)

pseudo-second-order 0.997 (Elmobarak and Almomani

2021)

Bahattacharya-

Venkobachor order

0.994 (Asadu et al., 2021)

pseudo-second-order 0.997 (Asadu et al., 2021)

Pseudo-first order 0.986 (Gurav et al., 2021)



Fig. 7 Confocal fluorescence microscopy of oily sewage treating

with different amount of GG-SH. a)0 mg; b)50 mg; c)100 mg; d)

150 mg; e)200 mg.(k = 488 nm).
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Table S1). It is important to note that, as shown in Table 1, the
maximum adsorption capacity is much higher than previously
reported values for adsorbents.

3.2.2. Adsorption thermodynamics study

Toexplore the effect of temperature on theoil removal rate ofGG-
SH, thermodynamics experiments were designed and performed.

Fig. 5 showed the experimental data of the adsorption perfor-
mance of GG-SH on oily sewage at 298.15 K, 313.15 K and
328.15 K. The thermodynamic data analysis diagram is obtained

by plotting with 1/T as abscess and lnKa as ordinate. Table S2
shows the thermodynamicparameters during adsorption at differ-
ent temperatures calculated by Van’t Hoff equation formula.

DGh is always negative in the process of GG-SH adsorption
on oily sewage, which proves that the adsorption of oil compo-
nents by GG-SH is a spontaneous process(Liu et al., 2021). DHh

is 4.64 kJ/mol, which indicates that the adsorption process is
endothermic, the increase of temperature is beneficial to the
adsorption process within a certain temperature range(Li
et al., 2021,Wen et al., 2021). The speculated reason is that with

the increase of temperature, themolecularmotion increases, and
the non-polar oil component canmore quickly combinewith the
GG-SH, so as to achieve better adsorption effect. DS is 19.83 J/

(mol�K), confirming that DOF(degree of freedom) of adsorp-
tion process increases. The oily sewage in the oil composition
including alkane and aromatic hydrocarbon, compared with

the water molecules to its large volume, GG-SH surface adsorp-
tion of oil droplets and at the same timewith the stripping of sev-
eral watermolecules. In this case, the entropy increase caused by

water molecule desorption may greatly exceed the entropy
decrease caused by oil droplet adsorption, so the DOF increases
in the whole system adsorption process.

3.2.3. Adsorption kinetics study

The influence of time on the adsorption performance of GG-
SH on oily sewage was discussed. Fig. 6a shows the adsorption
amount of GG-SH with the change of adsorption time within

90 min. As shown in Fig. 6, within 10 min after the adsorption,
the adsorption rate of GG-SH on oil components was rela-
tively fast, the adsorption amount increased and the adsorp-

tion equilibrium could be basically achieved. The reason is
that in the early stage of adsorption, the concentration of oil
components in sewage is higher, and the oil droplets gather

faster on the surface of the adsorbent, so the adsorption rate
is higher. After 30 min, the adsorption capacity basically did
not increase and reached the adsorption equilibrium state.

The kinetic fitting curve of GG-SH adsorption of oil com-
ponents in oily wastewater is shown in Fig. 6b and 6c. Exper-
imental results show that the adsorption process is fast in
10 min and reaches the adsorption equilibrium after 30 min.

As can be seen from the fitting results of the kinetic equation
in Table S3, the Pseudo-first-order kinetic plots has poor fit-
ting results for the kinetic data of the adsorption process,

and the correlation parameter R2 is only 0.903, while the
Pseudo-second-order model is in good agreement with the
kinetic data of the adsorption process(Li et al., 2019, Shi

et al., 2022), and the correlation parameter R2 can reach
0.997. The calculated value of adsorption capacity obtained
by formula fitting is also close to the experimental value.

Adsorption kinetics of various adsorbents for the adsorption
of oily sewage was shown in Table 2 below.
3.3. Laser confocal fluorescence microscopy

To more intuitively understand the content changes of oil com-
ponents before and after GG-SH treatment of sewage, confo-
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cal fluorescence microscope was used in this experiment to
observe the fluorescence imaging of oily sewage under UV
light. Through the fluorescence imaging of oil components,

the adsorption performance of GG SH was further explained.
As can be seen from Fig. 7a, a large number of oil droplets

in the liquid phase can be clearly seen in the bright field of the

oily sewage before treatment, and the fluorescence images
under the excitation of UV light also show the existence of a
large number of phosphor dots, indicating the existence of

conjugated luminescent group structures in the sewage. With
the assistance of GG-SH, the oil droplets in the liquid phase
were gradually separated from the water. Therefore, it can
be seen from Fig. 7b that the fluorescence points in the image

were significantly reduced, confirming that oil droplets had
been removed. When the amount of GG-SH added to the sys-
tem is 200 mg, as shown in Fig. 7e, no oil droplets can be

observed in the brightfield, and there are basically no fluores-
cent points, demonstrating that the oil components in sewage
have been basically removed completely.

Figure S5 shows confocal microscope images of GG-SH
adsorbent before and after adsorption. From Figure S3 a, it
can be seen that GG-SH is granular in the brightfield and is

non-fluorescent even under excitation of UV light. After
adsorption, it was obvious in Fig. S3b that adsorbent was cov-
ered with a large number of oil components. Fluorescence
images also confirmed that oil had been transferred from the

water phase to the surface of adsorbent by GG-SH.

3.4. Adsorption-desorption studies

In practical application, the recycling performance of oil-
absorbing materials is of great importance. Therefore, in order
to investigate the recycling performance of GG-SH as a novel
Fig. 8 (a)Oil removal performance of GG-SH package; (b)Change

sewage before and after the adsorption treatment in the recycling exp
oil adsorbent, adsorption–desorption experiments of the
adsorbed oil from the GG-SH were conducted. As can be seen
from Fig. 8, when GG SH package is placed in sewage, the

water phase gradually became clarified, and the non-polar oil
components in sewage were adsorbed into the package by
the intermolecular association force with the long chain alkyl

group on GG-SH. The treated water sample wrapped with
GG-SH was taken out for oil content determination and the
experiment was repeated. In each subsequent cycle, the

amount of adsorption decreases slowly due to incomplete des-
orption of oil, but GG-SH can still be reused to removel oil
from an aqueous solution and still have good performance
(Fig. 8c).

3.5. Adsorption mechanism

For the purpose of analysing the intermolecular force in the

oil-absorbing process, the IR spectra of GG-SH before and
after adsorption were performed and compared, and the
results were shown in the figure below. As shown in Fig. 8,

the absorption peak of hydroxyl in GG-SH appeared at
3393 cm�1, and the corresponding absorption peak in infrared
spectrum of GG-SH powder at the late stage of adsorption

appeared at 3383 cm�1. The carbonyl peak of the functional
group of the acylhydrazone also moved from 1659 cm�1 to
1639 cm�1, indicating that hydroxyl and hydrazone groups
were involved in hydrogen bond formation. In addition, asym-

metric and symmetric stretching vibration peaks of –CH2-
appeared at 2922 cm�1 in GG-SH infrared spectrum before
adsorption, while corresponding absorption peaks of –CH2-

appeared at 2920 cm�1 after absorption, and the peak intensity
decreased, indicating that the alkyl chain participated in self-
assembly through intermolecular Van der Waals force. The
of oil removal rate after recycling experiments (c)Pictures of oily

eriments.



Fig. 9 A)ft-ir spectra of gg-sh before and after adsorption of oily

sewage; b) the ‘‘over-turn” theory of gg-sh in oil–water systems.
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above characterization results confirmed that hydrogen bond-
ing between hydrazone groups and polysaccharide hydroxyl
groups and van der Waals force of long chain alkyl were the

main driving forces of GG-SH oil absorption process.
Furthermore, the ‘‘Over-Turn” theory is used to explain the

process of GG-SH as a hydrophobic modified biological

macromolecule material to adsorb oil. In the condensation
reaction between hydrazide and aldehyde group, the existence
of polar solvent system will lead to a certain degree of
hydrophobic repulsion of the hydrophobic groups on the sur-

face of GG-SH, and then hide the non-polar groups in the
molecule by virtue of the unidirectional modification of acyl-
hydrazone and the conformational reversal of carbohydrate

chain. When there are non-polar components in the system,
such as oil droplets in sewage, the alkyl long-chain hydropho-
bic group will flip out from inside the modified guar gum and

appear on the surface of guar gum particles to combine with
oil. The hydrophilic action of carbohydrate chain and oil-
philic action of long-chain alkyl make oil droplets wrapped

in the system, thus completing the adsorption process.
Fig. 9b shows the possible mechanism of this process.

4. Conclusion

This paper elaborates the design and application of novel carbohydrate

adsorbent based on guar gum functionalized with stearic hydrazide for

a simple, ultra-fast, clean and specific treatment towards oily sewage.

GG-SH has a good ability to remove crude oil components from aque-

ous phase by virtue of high specific surface area and strong lipophilic-

ity of long chain alkyl groups. The adsorption isotherms of oil conform

to the extended Langmuir equation. Thermodynamic study shows that

the oil adsorption on GG-SH is an endothermic spontaneous process.

Comparing the IR spectra before and after adsorption, the adsorption

mechanism can be concluded that the modified guar gum adsorbed

non-polar components through the intermolecular association force

between long alkyl chains, indicating that GG-SH is an efficient and

renewable polysaccharide-based oil adsorption material and exhibits

tremendous potential for sewage treatment and environmental protec-
tion. Although tremendous development in the study of adsorbent has

been achieved, there are still plenty of opportunities and challenges

remaining in this field. Achieving the following research goals will dee-

pen our comprehension and help to facilitate the creation of environ-

mental material with excellent allround properties. Future work will

investigate the use of these low-cost, and low-energy intensive material

materials in real wastewater treatment, using effluent mixtures and on

a large scale.
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