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ABSTRACT

A novel bilirubin adsorbent with high hydrophilicity was facilely synthesized
via one-step hydrothermal carbonization reaction by using glucose and [3-
(methacryloylamino)propylltrimethylammonium chloride (MAPTAC) as pre-
cursors, in which sustainable carbohydrate could be converted into functional-
ized carbonaceous materials enriched with quaternary ammonium groups using
an environmentally mild process. The properties of synthesized adsorbents
were characterized by helium ion microscopy, static water contact angle mea-
surement, FT-IR, elemental analysis and nitrogen adsorption/desorption mea-
surement. The contact angle results indicated that these materials possessed
very good hydrophilicity along with the lowest contact angle at 16.2°. Moreover,
the hydrophilic adsorbent prepared by only one-step demonstrated good
adsorption capacity toward bilirubin (141 mg/g) than commercialized activated
carbon (70 mg/g) and low non-specific adsorption toward albumin (0.21%),
which had great potential to be used in hemoperfusion. In addition, kinetic
adsorption behaviors were conducted using pseudo-first-order and pseudo-
second-order models. The regression results showed that the kinetic adsorption
data were more accurately represented by pseudo-second-order model. The
equilibrium adsorption data were analyzed using two widely applied isotherm
models: Langmuir and Freundlich. The results revealed that Langmuir isotherm
matched the experimental results well.
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Introduction

As an index of liver function levels [1], bilirubin is a
kind of lipophilic endotoxin generated from the
degradation of hemoglobin. Usually, it is transported
to the liver to form a water-soluble complex with
glucuronic acid in the presence of bilirubin glu-
curonyl transferase and further excreted from the
hepatocytes to the bile [2]. However, for patients with
liver failure, hepatitis or other liver diseases, an
excess amount of bilirubin accumulates in blood
since the lack of liver detoxifying function, which is
called hyperbilirubinemia. It can cause permanent
damage to the brain and nervous systems, and even
leading to death [3]. Accordingly, removal of biliru-
bin plays an important role in human health, and it is
crucial to gain more chances and time for liver
transplantation and regeneration of the damaged
liver [4]. Several techniques have been used clinically,
such as hemoperfusion, hemodialysis and molecular
adsorbent recycling system (MARS). Of them,
hemoperfusion seems to be the most promising
treatment due to its ease of handling, lower cost and
its prevention of blood damage [5], in which bilirubin
was adsorbed through an extracorporeal unit incor-
porating an adsorbent system. The curative efficiency
of hemoperfusion critically depends on the perfor-
mance of adsorbents [6]. Consequently, the

development of high efficient adsorbents is the focus
in hemoperfusion research and development.

It has been found that bilirubin could be removed
through electrostatic interaction, hydrogen bond
interaction or hydrophobic interaction by adsorbents
containing functional ligands like amino, carboxyl or
hydroxyl groups [4]. In recent studies, a number of
adsorbents have been specially designed for bilirubin
removal, such as activated carbon [7, 8], ordered
mesoporous carbon [9], ion-exchange resins [10],
porous carbon [11], titania particles [5], metal—or-
ganic frameworks (MOFs) [12], porous aromatic
frameworks (PAFs) [13] and multifunctional com-
posite membrane [14]. Meanwhile, many modifica-
tion methods have been used to improve the ability
of adsorbents for removing bilirubin. However, there
are still some disadvantages among aforementioned
materials. For example, activated carbon is the most
commonly used material with low price, but it has
strong non-specific blood protein adsorption, which
would significantly reduce their adsorption ability
toward bilirubin and result in serious clinical side
effects [15, 16]. For the modified materials, the mod-
ification procedure is usually complicated and time-
consuming. Moreover, current coating materials
could not fully eliminate the side effects in hemop-
erfusion applications yet. The development of novel
bilirubin adsorbents with better performance and low
cost is still urgently desired.
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Hydrothermal carbon (HTC) has attracted great
attentions in a wide variety of applications, such as
catalyst [17-20], adsorbents [21-26] and electrode
materials [27]. Compared with other frequently used
base materials like silica materials, carbon materials
are difficult to be functionalized. Normally, car-
bonization process requires harsh and rather expen-
sive processing conditions such as high temperatures
[28, 29], chemical vapor deposition [30, 31] or arc
discharge [32]. Fortunately, a cheap, easy and envi-
ronmental route to prepare carbonaceous materials
was presented by Titirici and co-workers [21]. They
described the synthesis of a new type of carboxylate-
rich carbonaceous material via one-step hydrother-
mal carbonization of glucose in the presence of
acrylic acid monomer. The synthesized materials
proved to be feasible to remove heavy metals from
aqueous solutions. Similarly, Su and co-workers [18]
prepared the same carboxylate-rich carbonaceous
material as a carbocatalyst in the Beckmann rear-
rangement of cyclohexanone oxime, which exhibited
superior performance compared with conventional
solid acid. In the hydrothermal carbonization reac-
tion, ubiquitously available and renewable biomass
such as glucose, sucrose and cellulose could be con-
verted into carbon based materials by one step, and
the co-monomers were added to provide the func-
tionality. It offered us a hint to fabricate bilirubin
adsorbents.

In this study, we prepared a kind of carbonaceous
material enriched with quaternary ammonium
groups using hydrothermal carbonization of glucose
in the presence of [3-(methacryloylamino)propyll
trimethylammonium chloride (MAPTAC). The
physical and chemical properties of the resulting
carbonaceous materials were characterized with
helium ion microscopy (HIM), static water contact
angle measurement, FT-IR, elemental analysis and
nitrogen adsorption/desorption measurement. The
resulting carbonaceous materials were applied for the
removal of bilirubin. In order to explain the adsorp-
tion behaviors, two adsorption kinetic models and
two adsorption isotherm models toward bilirubin
were evaluated. At the same time, the non-specific
adsorption to albumin was investigated.
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Experimental section
Materials

Glucose and bilirubin (98%) were obtained from
Aladdin (Shanghai, China). Sodium chloride (NaCl),
potassium chloride (KCl), sodium phosphate dibasic
(Na,HPO,), potassium phosphate monobasic (KH,
PO,) and MAPTAC solution (50%) were purchased
from Sigma (St Louis, MO, USA). Ethanol (analytical
grade) was from Tianjin Kermel Chemical Plant
(Tianjin, China). Albumin from bovine serum (BSA)
was from Roche (Shanghai, China). Enhanced BCA
Protein Assay Kit (P0009) was from Beyotime
(Shanghai, China). The water used in all experiments
was doubly distilled and purified by Milli-Q system
(Millipore Inc., Milford, MA, USA).

Synthesis of quaternary ammonium-rich
carbonaceous materials via hydrothermal
approach

To obtain functional hydrothermal materials with a
high degree of quaternary ammonium groups,
MAPTAC, a monomer containing quaternary
ammonium group, was added into glucose solution.
The mixture was transferred into a Teflon inlet in an
autoclave and treated in an oven at 180 °C for 6 h.
And the obtained carbonaceous materials were then
washed with water and ethanol. Finally, the materials
were dried under vacuum at 60 °C overnight prior to
use. The synthesized materials were denoted as Gy
My, where x and y represent the weight percentage of
glucose and MAPTAC in the initial solution, respec-
tively. In addition, a controlled sample, named as
Gio, was prepared without adding MAPTAC. The
synthesis process is shown in Fig. 1.

Characterization

For specific surface area analysis, the resulting
materials were degassed at 120 °C over 6 h. Then, N,
adsorption/desorption experiments were carried out
at 77 K using ASAP 2460 Physisorption Analyzer
(Micromeritics, USA). Helium ion microscopy
(ORION NANOFAB, Germany) was used for mor-
phology observation. Elemental analysis was
obtained through an FLASH EA 1112 Elemental
Analyzer (Thermo, USA). Water contact angles were
measured on a DSA 100 machine (KRUSS, Hamburg,
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Figure 1 Schematic diagram of the synthesis process of G M,,.

Germany) with 5 pL of water drop after the obtained
powders were prepared into tablets under 5 MPa.
FT-IR spectra were obtained on a TENSOR 27 spec-
trometer with KBr pellets containing carbonaceous
sample (1 wt%, Bruker Optics, Germany). Absor-
bance data of bilirubin in PBS (pH = 7.4) were tested
on Synergy H1 microplate reader (BioTek, USA).

Ion-exchange capacity (IEC)

The ion-exchange capacities of samples were deter-
mined by Mohr titration. The 50 mg samples were
immersed in 25 mL 0.5 M KNO; for 2 days to fully
leach out all free CI". The 5 ml supernatant were
extracted after centrifugation and titrated with
0.01 M AgNOj; using K;CrO, as the indicator. The
color changes from yellow to reddish brown deter-
mined the end point of the titration. The titration was
repeated 3 additional times for each sample. The IEC
of the samples was calculated using the following
equation:

IEC = Vagn03Cagnosz/m (1)

where IEC (mmol/g) is the ion-exchange capacity;

Vagnos (mL) and Cpgnos (mmol/mL) are the volume
and concentration of AgNO;, respectively; m (g) is
the weight of the adsorbent.

Adsorption of bilirubin

In the bilirubin adsorption experiments, 5 mg car-
bonaceous materials were added into a brown cen-
trifuge tube containing 4 mL PBS of bilirubin under
shaking at 200 rpm, 37 °C. The concentration of
bilirubin was measured by microplate reader at a
wavelength of 438 nm. In the kinetic experiments, the
initial concentration of bilirubin was fixed at 200 mg/
L, and the equilibrium concentration of bilirubin was
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measured at different time intervals. For the mea-
surement of bilirubin adsorption isotherm experi-
ments, the adsorption time was fixed at 1 h, and the
initial concentration of bilirubin was changed. It is
worth noting that all the adsorption experiments
were repeated three times and carried out in a dark
room due to the instability of bilirubin in visible light.
The adsorption capacity was calculated by the fol-
lowing equation:

Qe = V(CO - Ce)/m (2)

where Q. (mg/g) is the equilibrium adsorption
capacity; Cop (mg/L) and C. (mg/L) are the initial and
equilibrium concentrations of bilirubin, respectively;
V (mL) is the volume of bilirubin PBS and m (mg) is
the weight of the added adsorbent.

Adsorption of bilirubin in BSA solution

Similarly, to evaluate the adsorption performance
toward bilirubin in the BSA solution, 5 mg carbona-
ceous materials were added to 4 mL bilirubin/BSA
solution (pH: 7.4; bilirubin concentration: 200 mg/L;
BSA concentration: 50 mg/mL), followed by shaking
at 37 °C and 200 rpm. After shaking for 1h, the
supernatant absorbance at 452 nm was measured to
determine the residual bilirubin concentration. All
experiments were conducted under a dark environ-
ment and in triplicate.

Results and discussion
Synthesis and characterization

In order to obtain hydrothermal carbonaceous mate-
rials with a high degree of quaternary ammonium
groups, glucose was used as carbon source, and
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MAPTAC was added as a co-monomer. Different
mass ratios of glucose and MAPTAC were employed.
The reaction mixtures were hydrothermally treated at
180 °C for 6 h. During the hydrothermal carboniza-
tion reaction [33-35], furfural and furfural derivatives
produced as intermediates from the dehydration of
glucose. Then, a series of cycloadditions and con-
densation reactions took place in the intermediates
[36, 37]. Lastly, the intermediates which contain the
furan unit as the main repeating motif were involved
in Diels—Alder type cycloaddition in the presence of
dienophiles like MAPTAC in this work. As a result,
hydrophilic carbonaceous microspheres with qua-
ternary ammonium groups on the surface formed.
The obtained carbonaceous samples were labeled
according to the concentrations of glucose (quoted as
G) and MAPTAC monomer (quoted as M) added into
the initial reaction mixture. For instance, G;oM;
means that glucose and MAPTAC account for
10 wt% and 1 wt% in the initial mixture, respectively.
The carbonaceous material obtained from 10 wt%
glucose solution without any MAPTAC monomer
was called Gqq.

Effects of initial concentration of monomers
on morphology and hydrophilicity of carbonaceous
materials

The concentrations of glucose and MAPTAC played
vitally important roles in the formation of carbona-
ceous materials. A series of carbonaceous materials
were fabricated with various concentrations of glu-
cose and MAPTAC. As shown in Fig. 2, HIM images
showed that the carbonaceous material prepared by
sole precursor (Gjo) was monodispersed micro-
spheres with the size of around 200 nm. As for
G19M;j, corresponding to the initial concentrations of
glucose and MAPTAC were 10 wt% and 1 wt%
respectively, polydispersed carbon spheres were
formed, and their size ranged in 1-10 pm. However,
the carbonaceous materials became amorphous with
an increase of the concentrations of glucose and
MAPTAC (G;oMs, G1oM1o, Gi1oMag, GoMyg and
GyoMy), which might be due to the aggregation of
the particles.

The porosities of the hydrothermal carbonaceous
materials were determined by nitrogen adsorption-
desorption measurement. Brunauer-Emmett-Teller
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Figure 2 HIM images of a Gl(), b GIOMI: C G10M5, d GIOMIO’
e GioMao, f G2oMo and g G2oMa.

(BET) specific surface areas (Table 1) of G;oM;,
G10Ms, G1oM1o, G1oMag, G2oMi1g and GyoMpo were 2.4,
53, 65, 0.71, 29 and 2.1 m?/ g, respectively. The above
low specific surface areas are common for
hydrothermal carbons [21]. In addition, it could be
observed that the specific surface area increased first
and then decreased with an increase of the concen-
tration of MAPTAC while the concentration of glu-
cose was fixed at 10 wt%. Among them, G;oMjg
exhibited the biggest specific surface area of 65 m?/g.
However, compared with G;oM;, further increase of
initial concentration of glucose could not improve the
specific surface area of GyoM;o.

To evaluate the hydrophilicity of the resulting
materials, static water contact angles of G\M,, were
investigated. As shown in Fig. 3, water contact angles
of G1oMy, G1oMs, G1oMi1g, G1oMa2g, G2oM1g and G2oMy
were 33.4°, 22.5° 24.8° 235° 204° and 16.2°,
respectively. It could be concluded that GM, pos-
sessed strongly hydrophilic with all water contact
angles lower than 34°. Overall, the hydrophilicity of
G.M, increased with the increase of initial concen-
tration of either glucose or MAPTAC, which would
be attributed to more hydrophilic groups-hydroxyl
group and hydrophilic functional groups-quaternary
ammonium group on the surface of resulting car-
bonaceous materials.



J Mater Sci (2021) 56:18006-18018 18011
Table 1 Specific surface area,
bilirubin adsorption capacity Sample Gio  GioMi  GioMs  GioMio  GioMag  GooMig  G2oM2o
zrfli;iat“t’;ztzzd:; dz:anon Sa (m¥/g) \ 24 53 65 0.71 29 2.1
G.M P pacity Adsorption capacity (mg/g) 8.38 71.3 84.1 96.4 98.1 135 141
vy RSD (%) 0.716 5.05 8.69 6.47 11.51 5.45 8.83
concept of aromatization of glucose during

Figure 3 Water contact angle of a G;(M,, b G;(Ms, ¢ G;(M,,
d G10M20, e G20M10 and f G20M20.

FT-IR, elemental analysis and ion-exchange capacities
of carbonaceous materials

The monomers and resulting materials were also
analyzed by FT-IR (Fig. 4). Comparing with FT-IR
spectra of two monomers, we could see the bands at
1700 em™! and 1620 cm™! in G;oM; and G;oMio,
which could be attributed to C=O and C=C stretching
vibrations, respectively. These results support the
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Figure 4 FT-IR spectra of a Glucose, b 50 wt% MAPTAC,
C Gl()Ml and d GIOMIO-

hydrothermal treatment [38]. In addition, the peak at
2900-3000 cm ™" and 1380 cm ™' in MAPTAC, G;oM;
and G;oM;o corresponds to the C-H stretching
vibration and bending vibration in —-CHj, which was
an important evidence for the existence of
~-N*(CH3);. This also proved the successful intro-
duction of MAPTAC. However, the area of the most
characteristic information of N-H was overlapped
with the signals from O-H in the range of
3300-3400 cm ™.

The elemental analysis results are shown in
Table 2. The content of nitrogen element in G,y was
lower than the detection limit of instrument, indi-
cating that there was no nitrogen element before
grafting. After adding MAPTAC to the initial solu-
tion, the contents of nitrogen element in G;oMj,
G]0M5, GlOMlO and G20M20 were 056%, 170%, 2.80%
and 2.83%, respectively. A conclusion could be
drawn that the contents of nitrogen element
increased as the mass ratio of MAPTAC to glucose
increased in GM,, indicating the successful intro-
duction of MAPTAC in the carbonaceous materials.

Mohr titrations were employed to measure the IEC
of the adsorbents. The results revealed that the IEC of
GioM; and GyoM;p were 0.3 and 0.5 mmol/g,
respectively, which increases with increased content
of nitrogen element and correlates to a higher
hydrophilicity. The results of Mohr titration were in
good agreement with that of water contact angle
measurement and elemental analysis, suggesting the
successfully graft of MAPTAC into the surface of
adsorbents, too.

Table 2 The results of elemental analysis of G and G,M,,

Sample C% H% N%

Gio 67.70 4.30 < 0.30
GioM; 68.14 4.74 0.56
GoM5 67.45 5.27 1.70
GyoMio 66.38 5.64 2.80
GyoMag 62.38 5.76 2.83
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Application of carbonaceous materials
for adsorption of bilirubin

Adsorption of bilirubin by different carbonaceous materials

Due to the existence of positively charged quaternary
ammonium groups on the surface of carbonaceous
materials, G,M, can be used to adsorb endogenous
toxin bilirubin containing two carboxylate anions in a
normal blood pH environment (about 7.4). In order to
seek the optimal mass ratio of the adsorbents, various
materials prepared by different mass ratios of pre-
cursors were applied in the adsorption experiments
of bilirubin at the same adsorption condition. As
shown in Table 1, the adsorption capacity of G;oMjy,
G10Ms, G1oMig, G10Mag, G1oMyo and GyoMyg was 71.3,
84.1, 964, 98.1, 135 and 141 mg/g, respectively. The
materials with higher quaternary ammonium group
contents reached a higher adsorption capacity.
However, compared with G;oM;o, the adsorption
capacity of GjpMjo did not increase significantly
when the mass ratio of MAPTAC to glucose further
increased. And GyoM,y exhibited the highest
adsorption capacity of 141 mg/g in this work. For
comparison, the adsorption capacity of G;yp was also
tested and found to be 8.38 mg/g, which was much
lower than that of quaternary ammonium function-
alized materials and confirmed the key role of qua-
ternary ammonium groups in adsorption. Comparing
with other reported bilirubin adsorbents (Table 3), we
can find that the adsorption capacity of GyoMyo was
remarkably higher than commonly used clinical
activated carbon (70 mg/g) [11] and some bilirubin
adsorbents like titania films, resins and imprinted
polymers [4, 40, 42-44]. Although the adsorption

| J Mater Sci (2021) 56:18006-18018

capacity of GoMyp was not as high as other materials
with high specific surface areas like CMK-3 and
HMCSs, the preparation process of adsorbent in this
work was simpler [11].

Adsorption kinetics of bilirubin

Figure 5a shows the adsorption kinetic curves of
bilirubin on GM,. It could be observed that the
adsorption capacity increased rather quickly at the
initial stage and reached a plateau after 1h. In
addition, two general kinetic models including
pseudo-first-order equation (shown in Fig. 5b) and
pseudo-second-order equation (shown in Fig. 5¢)
were used to analyze the adsorption behavior of
bilirubin on G,M,,. Considering the morphology and
specific surface area, we chose G;oM; and G1oM;, for
this experiment. Two equations could be represented
as the following forms [45, 46]:

pseudo-first-order: In(Qe — Q) = In(Qca) — kit (3)

pseudo-second-order: t/Q; =1/ (szgcal) + t/Qocal
(4)

where Q, (mg/g) and Q; (mg/g) are the adsorption
capacity for bilirubin at equilibrium time and time
t (min), respectively; Qjca (mg/g) and Qacal (Mg/g)
are the adsorption capacity calculated by pseudo-
first-order kinetic model and pseudo-second-order
kinetic model; k;and k, are the rate constant of
pseudo-first-order adsorption and pseudo-second-
order adsorption.

In detail, we can judge from the correlation coef-
ficient (r and r3) and the adsorption capacity calcu-
lated by two models (Qica and Qzca) Whether the

Table 3 Comparison of

adsorption capacities for No Bilirubin adsorbent Adsorption capacity (mg/g) References
:;;Eill:]e?ltzf various reported 1 Activated carbon 70 [11]

2 CMK-3 198 [11]

3 HMCSs 304 [11]

4 CS/GO s 178.25 [39]

5 Dye affinity microporous hollow fiber 48.9 [40]

6 PDA@L-lys 11.6 [41]

7 Anion exchange resin 4-80 [4]

8 Ch/CNT/Lys microsphere 107.2 [4]

9 Nanocrystalline titania film 17.08 [42]

10 Bilirubin imprinted poly(4-Vpy-co-DVB) film 62.0 [43]

11 BR-MIP cryogel 3.6 [44]

12 G,oM;g 141 This work

@ Springer
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Figure 5 a The adsorption _ 120
kinetic curves of bilirubin on %ﬁ (a) to e o . 5
G1oM, (A) and G oM, (OJ). § 904 o
Kinetic data of bilirubin 5
adsorption on G;oM; (A) and §" aada 4 a A a
GioM;o (O) evaluated using ° 604
b pseudo-first-order model and g
¢ pseudo-second-order model. ? 30
Initial bilirubin concentration, =
200 mg/L; temperature, < 0 . . . :
37 °C; medium, phosphate 0 50 100 150 200 250
buffer (pH = 7.4). Time (min)
4
(©
3 4
5 s,
=
1 4
0 T T T 0 T T T T
0 10 20 30 40 0 50 100 150 200 250
Time (min) Time (min)

adsorption behavior fits the kinetic model or not. As
shown in Table 4, in pseudo-first-order model, the
values of Q. were 39.2 and 72.8 mg/g for GyoM;
and G;0Myg, respectively, and the values of correla-
tion coefficients (r7) were about 0.9059 and 0.9194 for
G1oM; and GjoMy, respectively. Besides, the values
of Qaca were 69.0 and 104 mg/g for G;oM; and
G10Mio, and the values of correlation coefficients (r3)
were about 0.9998 and 0.9997 for G;oM; and G;oM;,
in pseudo-second-order model. Moreover, the
experimental Q. were about 68.3 and 103 mg/g for
G;0M; and GygMy, respectively. It was obvious that
the adsorption capacity obtained from pseudo-sec-
ond-order model (Q,.,1) was more consistent with the
experimental data (Q.), and the correlation coefficient
in pseudo-second-order model (r3) was higher and
closer to 1. These results indicated that the bilirubin

adsorption process on the GM, fitted pseudo-sec-
ond-order model very well. It also could be con-
cluded that chemical interaction played a dominant
role in the adsorption process [47], which was in
accordance with the ionic bonding produced by
electrostatic interaction between -N"(CHj3); in GM,
and -COO™ in bilirubin.

Adsorption isotherm of bilirubin

The adsorption isotherm is usually used to study
how the adsorbed molecules interact with the
adsorbent, which is of great significance. Similarly,
G;0M; and G9M;, were chosen to explain the effect
of initial bilirubin concentration on the adsorption
behavior. As indicated in Fig. 6a, the adsorption
capacity increased with an increase of initial

Table 4 Kinetic parameters in pseudo-first-order and pseudo-second-order models of bilirubin on two materials

Sample Experimental Q. (mg/g) Pseudo-first-order Pseudo-second-order

kimin™) Qe (mgly) A k2 (@mgmin)  Qsen (mglg) 13
GoM; 68.3 0.0963 39.2 0.9059 0.006 69.0 0.9998
G1oMjg 103 0.1134 72.8 0.9194 0.005 104 0.9997
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concentration of bilirubin, but remained unchanged
after reaching a certain value in spite of further
increasing initial concentration of bilirubin. In addi-
tion, we used Langmuir and Freundlich adsorption
isotherms to investigate the adsorption process.
Langmuir model assumes that there is no interaction
between the adsorbed molecules and every adsorp-
tion site has the same adsorptive ability. In addition,
the adsorption in Langmuir model is localized in a
monolayer, while Freundlich model is applied to
describe heterogeneous systems. Two equations
could be expressed as the following forms [48, 49]:

Langmuir isotherm: Ce/Qe = 1/(QmKL) + Ce/Qm  (5)

Freundlich isotherm: 1g(Q.) = 1g(Kg) + (1/n) 1g(Ce)
(6)

where C, (mg/L) is the equilibrium concentration of
bilirubin in PBS; Q. (mg/g) is the equilibrium
adsorption capacity for bilirubin; Q,, (mg/g) is the
maximum adsorption capacity; K. (L/mg) is the
Langmuir adsorption constant related to the energy
of adsorption; Kg (mg/g) and 1/n are the Freundlich
constants, indicating the capacity and intensity of
adsorption, respectively.

The application of Langmuir adsorption isotherm
and Freundlich adsorption isotherm for two chosen

J Mater Sci (2021) 56:18006-18018

materials (G1oM; and G10M;0) is shown in Fig. 6b, c,
and the correlation coefficients for the Langmuir
equation and Freundlich equation are listed in
Table 5. As shown in Table 5, the correlation coeffi-
cients for the Langmuir equation (+?) in G;oM; and
G10M;p were both higher than 0.98, while the corre-
lation coefficients for the Freundlich equation (r%)
were lower than the corresponding 2. These data
demonstrated that the adsorption of the resulting
materials toward bilirubin fitted better with the
Langmuir adsorption isotherm than the Freundlich
isotherm, strongly indicating that the adsorption was
a monolayer adsorption process.

Adsorption of BSA by different carbonaceous materials

Human serum albumin (HSA) is the most abundant
protein in blood plasma. In practical applications, the
high content of HSA greatly hinders the adsorption
of bilirubin on adsorbent materials. Considering the
lower price of BSA and the homology between HSA
and BSA, the bilirubin adsorption experiments were
conducted on the synthesized G;0M; and G;oMjg
with a high content of BSA (50 mg/mL) in the system
to evaluate their performances. The results exhibited
that the adsorption capacity of GioM; and GioMyg

Figure 6 a The adsorption 200
isotherm of bilirubin on g, @) -
GioM; (A) and G;oM; (D). £ 160+ "
Isotherm data of bilirubin g o
adsorption on G;oM; (A) and g 120 o A a R
G10M o (1J) evaluated using E 80 a
b Langmuir isotherm model £ 1
and ¢ Freundlich isotherm g 401 2
model. Temperature, 37 °C; = 2
adsorption time, 1 h; medium, < 00 160 260 360 460 500
phosphate buffer (pH = 7.4). .. .
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Table 5 Adsorption isotherm
parameters in Langmuir and Sample Langmuir isotherm model Freundlich isotherm model
Freundlich m(.)dels of bilirubin Q. (mglg) K. (L/mg) "12, n K (mg/g) 712:
on two materials
G;oM, 115 0.031 0.9880 2.32 10.20 0.9371
GioMg 263 0.008 0.9838 2.10 10.72 0.9712
toward bilirubin in BSA solution was 229 and Conclusion
25.9 mg/g, respectively, which were higher than that
of some previously reported materials like powdered In this study, quaternary ammonium-enriched

activated carbon (8.0 mg/g in 40 mg/mL BSA) [50],
CS/amino-WCNT (7.6 mg/g in 40 mg/mL BSA) [51]
and PCB-H103 (20.8 mg/g in 40 mg/mL BSA) [52].

Adsorption of BSA by different carbonaceous materials

HSA serves as a transport and depot protein for
numerous endogenous and exogenous compounds
and is an important carrier and target molecule for
drugs [53]. When the human plasma flows through
the traditional hydrophobic bilirubin adsorbent,
clinical activated carbon for instance, both albumin
and bilirubin are adsorbed due to hydrophobic
interaction between albumin and activated carbon,
which could cause serious hypoproteinemia and will
damage patient [11]. Therefore, it is of great impor-
tance to lower adsorption capacity toward albumin as
a bilirubin adsorbent. Since the normal value of
albumin concentration in human blood is 40-55 mg/
mL, the initial concentration of BSA in the system
was fixed at 50 mg/mL. During the test, 5 mg G;0M;
or G;oM;o were added into a centrifuge tube con-
taining 4 mL PBS of BSA under shaking at 200 rpm,
37 °C for 1 h. Then, the concentration of BSA was
measured with Enhanced BCA Protein Assay Kit. In
detail, the initial concentration of prepared albumin
solution was measured to be 50.96 mg/mL, and the
concentrations of adsorbed albumin solution by
GioM; and G;oM;o were found to be 49.49 mg/mL
and 50.83 mg/mL, respectively. It is clear that the
albumin concentration only decreased by 2.4% and
0.21% after the adsorption by G;opM; and G;0Myy,
which was both relatively low. In addition, we can
see that G;oM;o have a lower albumin adsorption
capacity compared with G;oM;, indicating that
G19M;jo was more hydrophilic than G,oM;, which was
consistent with the contact angle results. As a result,
relatively lower non-specific adsorption toward
albumin was a great advantage of hydrophilic car-
bonaceous materials as a bilirubin adsorbent.

hydrothermal carbonaceous materials with good
hydrophilicity were successfully synthesized by
hydrothermal carbonization. The prepared carbona-
ceous materials could be used as a bilirubin adsor-
bent in hemoperfusion for removal of bilirubin from
patients with liver diseases. Compared with the
complicated and tedious synthesis process of other
traditional bilirubin adsorbents, the preparation of
adsorbent in this work only needs one step. Besides,
this work offers a green synthesis method of bilirubin
adsorbent in which cheap and widely available bio-
mass-glucose could be converted into functionalized
and hydrophilic carbonaceous materials. The biliru-
bin adsorption process on the carbonaceous materials
fitted pseudo-second-order model and Langmuir
adsorption isotherm. Furthermore, the bilirubin
adsorbent synthesized in this study showed higher
adsorption capacity toward bilirubin and lower non-
specific adsorption toward albumin than commer-
cially available activated carbon, which has great
potential in hemoperfusion.
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