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Abstract

Polyethyleneimine modified activated carbon (PEI-AC) was prepared through a treatment of immersion, and used for the
adsorption of formaldehyde. The adsorption capacity of formaldehyde by unmodified AC is 190.1 mg g™, and the adsorption
capacity of formaldehyde can reach to 317.6 mg g™ after 10 g L' of PEI modified, being about 1.67 times than unmodified
activated carbon (AC: 191.2 mg g™'). And the 10 g L™ of PEI modified AC (PAC-30) has the highest adsorption capacity of
formaldehyde, reached to 650 mg g™', with an increasing magnitude of 240% in comparison with that without modified AC. This
is mainly due to changes in the pore structure and surface functional groups after modification. However, as the PEI concentration
increases, the adsorption performance is inhibited. Through kinetic studies, it was found that all adsorption curves follow the
second-order kinetics, and the breakthrough curves follow the Boltzmann model, and the adsorption process can also be

described by the intraparticle diffusion model.
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Introduction

Indoor air purification is vital to human health because people
currently spend more than 80% of their time in homes, offices,
and cars. Volatile organic compounds (VOCs) are one of the
most common indoor air pollutants (Yu et al. 2013). Among
the VOCs, formaldehyde (HCHO) is regarded as the chief
culprit of indoor air pollution due to its widely coming from
indoor decoration materials, such as paints, wood-based
panels, laminate floors, and furniture (Nie et al. 2013). High
concentrations of formaldehyde have profound effects on the
human nervous system, respiratory system, and immune sys-
tem. Long-term exposure to indoor air containing formalde-
hyde can make an adverse impact on human health even at a
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very low concentration. Therefore, there is an urgent need to
further develop a more efficient and environmentally friendly
method of removing formaldehyde.

To date, some physical and chemical techniques have been
developed to remove formaldehyde, including adsorption
(Huang & Han 2011, Wang et al. 2018, Wang 2012, Wen
et al. 2011), photocatalytic oxidization (Yang et al. 2000),
electrochemical oxidation (Yi et al. 2011), thermal catalytic
oxidization (Shen et al. 2008), plasma technology (Wan et al.
2011), and biological methods (Lu et al. 2012). Among these
methods, adsorption has been widely applied due to its low
cost, easy operation, and high efficiency. Activated carbon
(AC), as one of the most promising adsorbents, has attracted
more and more attention due to its high surface area, large
pore volume, and good thermal stability (Aygiin et al. 2003).
However, due to the specificity of the molecular structure of
formaldehyde and the limitation of adsorbent’s adsorption ca-
pacity, removal of formaldehyde is still a challenge.
Therefore, it is considered that the modified activated carbon
to improve its adsorption selectivity and adsorption ability for
formaldehyde is an effective method for eliminating formal-
dehyde release in a certain short period.

The aims of modified activated carbon are to improve the
adsorption performance by changing the functional group and
internal void structure on activated carbon via some physical
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Fig. 1 Experimental setup for column adsorption of formaldehyde using the PEI-AC

or chemical methods. At present, the activated carbon modi-
fication methods reported in the literatures include: acid mod-
ification (Kim et al. 2006), alkali modification (Nie et al.
2013), and ozonation modification (Chiang et al. 2002). The
purpose of these modification methods is to increase the
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Fig. 2 XRD patterns of AC and PEI-AC samples
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oxygen-containing functional groups on the surface of activat-
ed carbon (Wu & Chen 2001), such as carboxyl, oxime, car-
bonyl, lactone, hydroxyl, and carboxylic anhydrides (Yin et al.
2007b). And there are many other methods to modify activat-
ed carbon on internal void structure, such as microwave
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Fig. 3 FTIR patterns of AC and PEI-AC samples
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Fig. 4 SEM images of AC and
PEI-AC30 samples

modification (Alslaibi et al. 2013), heat treatment modifica-
tion (Chingombe et al. 2006), and hot steam treatment modi-
fication (Rangel-Mendez & Cannon 2005). Comparison to
these techniques, it is recognized that the adsorptive capacity
of activated carbon can be greatly boosted by impregnation
with appropriate chemicals (Owlad et al. 2010).
Polyethyleneimine (PEI) is such an ideal impregnating com-
pound, because it contains a large number of hydrophilic
groups, such as amino groups, hydroxyl groups, and carboxyl
groups (Amara & Kerdjoudj 2003, Mao et al. 2011), and ni-
trogen, and oxygen-containing functional groups may be con-
tributed to the adsorption and enhance the efficiency of the
adsorbent. Most importantly, there are no studies on PEI
impregnated activated carbon to enhance the adsorption
of VOCs.

Herein, polyethyleneimine modified activated carbon
(PEI-AC) was successfully prepared through a simple
impregnation process, and thus used to the adsorption
of formaldehyde in a fixed bed. As expected, the ad-
sorption capacity of formaldehyde has been improved
significantly compared with the unmodified activated
carbon. Through characterization, the enhanced adsorp-
tion capacity was found to be attributed to the improve-
ment of internal void structure and introduction of sur-
face hydrophilic functional groups. The modification of
activated carbon by PEI may be a useful technique for
purifying indoor air containing formaldehyde.

Fig. 5 (a) N, adsorption and 600

Experimental section

Materials

HCI, NaOH, and formaldehyde were provided by Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
Polyethyleneimine (PEI) (<1000 g mol™") was purchased from
Aldrich (Shanghai, China). The anthracite coal based activat-
ed carbon was purchased from Ningxia Huahui Activated
Carbon Co., Ltd. (Yinchuan, China). The size of granular
activated carbon was selected from 1 to 1.5 mm. All the re-
agents were of analytical purity and were used as received.

Modification of activated carbon

Preparation of polyethyleneimine modified activated carbon
(PEI-AC) was synthesized by an impregnation process. First,
preparation of different concentrations of PEI solution: 0 g,
0.50g,1.00 g, 1.50 g, and 2.50 g of PEI were separately added
to 50 mL of distilled water in five conical flasks to form 0, 10,
20, 30, and 50 g L' PEL respectively. Second, 10 g of acti-
vated carbon was separately added into each flask and sealed.
The flasks were then placed in an oscillator and shaken at
180 rpm for 72 h at 25 °C. Finally, the PEI-AC was washed
three times with distilled water and dried at 80 °C for 12 h.
They were marked as PEI-AC, PEI-AC10, PEI-AC20, PEI-
AC30, and PEI-AC50, respectively.

desorption isotherms and (b) pore
size distributions of PEI-AC
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Experimental apparatus and procedure

The column adsorption studies of PEI-AC for formaldehyde
was mainly achieved by the following apparatus, which have
been reported in our previous work (Zhang et al. 2018). As
shown in Fig. 1, the experimental apparatus consists of two
functional sections, one for the preparation of gas-VOCs va-
por mixture and the other for the adsorption process in the
fixed bed. In the former section, formaldehyde solution was
placed in the gas generator (1), and nitrogen was used as the
carrier gas. The flow rate of gas stream was controlled by a
valve (3) and measured by a flow meter (2), and the initial
concentration of formaldehyde was controlled at 50 mg L™
The combination of infrared carbon fiber heating and quartz
spiral tubes (4) were used for thermal desorption process. The
nitrogen temperature inside the enclosure was measured by a
digital thermometer (5). The part of fixed bed mainly
contained of an adsorption column (7) and a digital balance
(11). The glass column was packed with the 50 g of adsorbent.
The gas mixture was fed from the bottom of the column and
flows upward through the adsorbent fixed bed (inner diameter
5.2 c¢m, height 28 cm) until the adsorbent was saturated. The
temperature of the gas mixture in the column was measured by
a digital thermometer (6). The digital balance (11) was used to
measure the amount of formaldehyde adsorbed based on the
weight change of PEI-AC before and after the adsorption pro-
cess. These data were output by a computer. The outlet con-
centrations of formaldehyde were measured by a VOCs ana-
lyzer (PGM-7300, RAE Systems) with UV lamp detector (8).
The equipment was fitted in an enclosure with teflon tube (13)
(14), which was used for the insulation.

Characterization

X-ray diffraction (XRD) patterns of PEI-AC were conducted
on a Bruker DS Advance X-ray diffractometer with Cu K,
(A=1.5406 A) radiation, operated at 40 mA and 40 kV. The
morphology of AC and PEI-AC was investigated by scanning
electron microscopy (SEM, ZEISS Sigma HD, Germany)
with an acceleration voltage of 50 kV. The Brunauer-
Emmett-Teller (BET) specific surface areas of the samples
were determined by nitrogen adsorption at 77 K on
Autosorb-iQ (Quantachrome, USA) after vacuum degassing
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Fig.6 Dynamic adsorption of formaldehyde adsorbed on PEI-AC (Initial
concentration of formaldehyde: 50 mg L™'; Adsorbent: 50 g; Flow rate:
200 mL min™)

process at 300 °C overnight. Fourier transform infrared
(FTIR) spectra were obtained on a Nexus470 (Thermo
Fisher Scientific).

Dynamic adsorption study

The adsorption performance of AC and PEI-AC for formal-
dehyde was evaluated through the dynamic adsorption in the
fixed bed. In the studies, the PEI-AC (50 g) was added into
glass column, and the initial concentration of formaldehyde
was controlled at 50 mg L (300 mL), and the flow rate of the
gas mixture was maintained at 200 mL/min. The change of
adsorption amount was recorded by the digital balance, and
the concentration changes were detected through a VOCs an-
alyzer. All experiments were repeated three times and the re-
sults were reproducible within experimental error (£ 5%).

Results and discussion
Characterization of PEI-AC

Fig. 2 showed the XRD patterns of unmodified AC and PEI-
AC of different ratio. All samples have a strong peak at 26 =

Table 2 The parameters of pseudo second-order model for dynamics

Table 1 The textural properties of PEI-AC adsorption

Adsorbent  Sper/(m*g")  Ve/*g")  Veuien/ (g™ Dppoe/(nm) q: (mg/g) k(g/mg min) R?
AC 983.89 0.55 0.36 4.79 AC 191.2 4.132x10° 0.9923
PAC-10 991.46 0.61 0.37 491 PACI10 317.6 1.786 x 10° 0.9905
PAC-20  1049.51 0.67 0.40 5.96 PAC20 420.0 6.130 % 10° 0.9932
PAC-30 126742 0.73 041 8.74 PAC30 650.0 1416 x 10°° 0.9932
PAC-50  1109.49 0.70 0.39 7.66 PAC50 503.6 6.574 %107 0.9871
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Fig. 7 (a) Penetration curves of formaldehyde adsorbed on PEI-AC30 at different intake flow rates and (b) Boltzmann model fitting of the penetration

curve

24.8° and a weak peak at about 43.3°, which means that the
main component of these samples was still g-CsN,4. However,
the intensity of peak at 24.8" decreases with the increase of
PEI concentration, and the similar situation can also be seen at
43.3". These results indicate that the internal structures and
crystal forms of PEI-AC may have been changed (Owlad
et al. 2010).

The functional groups of AC and PEI-AC samples were
analyzed by FTIR spectra, as shown in Fig. 3, PEI-AC sam-
ples exhibited typical IR patterns which is similar to AC, il-
lustrating that PEI-AC still maintains the basic structure of
AC. In the FTIR spectra of samples, all samples generally
show prominent absorbances at approximately 1250 cm™
which can be assigned to carboxylic acid groups (-C-O)
(Rios et al. 2003). With the increasing concentration of PEI,
the absorbance of the band at 1380 cm™, 3200-3500 cm™', and
1700—-1500 ¢cm™' increased, which are assigned to N-H
(Swiatkowski et al. 2004), and its increase in absorbance for
PEI-AC is expected since PEI contains high amounts of
amine-based groups. After modification, the nitrogen func-
tional groups may be contributed to the adsorption and en-
hance the efficiency of the adsorbent (Saleh et al. 2017). The
stretching vibrations at about 3450-4000 cm™ may be due to
the presence of surface hydroxyl groups and chemisorbed
water (Yin et al. 2007a). These results indicate that PEI intro-
duces many hydrophilic amine groups and oxygen-containing

Table 3 The fitting

parameters of PEI-AC Samples R’ 1/d,
AC 0.9862 2.647
PEI-AC10 0.9912 5.869
PEI-AC20 0.9895 7.609
PEI-AC30 0.9917 9.141
PEI-AC50 0.9994 7.906

groups on the AC surface, which will facilitate the adsorption
of formaldehyde.

In the subsequent adsorption studies, PEI-AC30 showed
the best adsorption performance, so PEI-AC30 was chosen
as the object of characterization. The morphology of PEI-
AC-30 sample was observed by SEM in comparison with
AC. As seen in Fig. 4 (a) and (b), in general, PEI-AC30 dis-
plays a similar morphology with AC, which contains a lot of
pores. However, the morphology of AC surface (Fig. 4a) is
smooth, the surface of PEI-AC30 is rougher and has numer-
ous of pores in the interior and surface (Fig. 4b), which might
be due to the changes in the internal pore structure.

The structural properties of the as-prepared samples were
investigated by the N, adsorption-desorption isotherms. As
shown in Fig. 5 (a), all samples display type I curves accord-
ing to the I[UPAC classification (Zhang et al. 2018), a remark-
able uptake at a relative low pressure (P/P,) was found in all
the samples, indicating there are abundant micropores. It is
interesting to note that the volume of nitrogen adsorbed on
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Fig. 8 Fitting of intragranular diffusion model of formaldehyde on PEI-
AC
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Table 4  The fitting parameters of PEI-AC

k b R’

Samples k] kg kj' b] b2 b3 R21 R22 R23

AC 27.71 55.35 15.98 -1.41 -78.38 139.0 0.9775 0.9785 0.9718
PAC10 32.17 54.39 2.51 -2.763 -96.62 2974 0.9683 0.9731 0.9975
PAC20 33.88 91.12 12.30 -9.659 -241.2 325.1 0.9783 0.9731 0.9686
PAC30 39.02 88.87 36.06 -10.96 -223.2 298.6 09117 0.9686 0.9036
PAC50 31.27 94.14 3443 -9.121 -264.6 214.7 0.9362 0.9607 0.8970
all PEI-AC samples is higher than that on unmodified AC. PEI concentration was further increased to 50 g L, the spe-

The BET surface area gradually increased from
983.89 m? g of AC to 1267.42 m* g of PEI-AC30, the
enhancement of BET surface area might be originated from
the PEI molecules may have adsorbed predominantly on
macro- and mesopores of the AC and as a result, expands its
internal structure. This subsequently results in creation of ad-
ditional meso- and micropores which explains the higher vol-
ume of adsorbed nitrogen (Aroua et al. 2008). However, as the
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Fig. 9 (a) Cycling performance of PEI-AC30 in five successive cycles
and (b) XRD patterns of the fresh and used PEI-AC30 before and after the
5-run adsorption experiments
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cific surface area of PEI-AC50 dropped to 1109.49 m? g'1 this
may be due to the collapse of the tunnel and the destruction of
the internal structure during the high concentration PEI im-
pregnation process (Cao et al. 2019a, Cao et al. 2019b, Mao
et al. 2015, Zhao et al. 2018). The density functional theory
(DFT) analysis (Fig. 5b) showed the pore diameter of PEI-AC
samples also increased as the concentration of PEI increased,
and decreased when the concentration of PEI reached 50 g L™
The textural characteristics of PEI-AC are listed in Table 1.
PEI-AC30 has a maximum BET surface area of
1267.42 m* ¢!, pore volume of 0.73 m® g, and pore diameter
of 8.74 nm, all of these characteristics in PEI-AC are benefi-
cial for the adsorption of the formaldehyde.

The adsorption performance of PEI-AC

The adsorption curve of PEI-AC for formaldehyde is shown in
Fig. 6. It can be seen that the PEI-AC-30 has the maximum
adsorption capacity for formaldehyde (650 mg g), and the
adsorption capacity of unmodified AC is only 190.1 mg. g™".
The adsorption capacities of PEI-AC10 and PEI-AC20 are
317.6 mg g and 420 mg g, respectively. The adsorption
capacity of PEI-AC50 does not continue to increase, but de-
creases to 503.6 mg g”'. The main reason may be because PEI
brings a large number of polar groups like amine group to the
surface of AC, which has similar properties to polar formal-
dehyde, so it can promote the formaldehyde adsorbed on PEI-
AC. However, as the concentration of PEI increases, the

Table 5 The adsorption capacity of PEI-AC30 and other adsorbents
reported in the previous literatures

Adsorbent Adsorption capacity / (mg/g)

3.14 (Salman et al. 2012)

70 (Boonamnuayvitaya et al. 2005)
74.27 (Wen et al. 2011)

62.49 (Yang et al. 2017)

119.3 (Shin & Song 2011)
Mesoporous silica 590 (Srisuda & Virote 2008)

This study 650

Kaolin

Coal-based carbon

Sewage sludge activated carbon
CNT/ACF

Ag-activated carbon
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excess PEI may block the pores and cause a decrease in pore
utilization.

The experimental data of PAC adsorbed formaldehyde was
fitted by pseudo-second-order model and the results were
shown in Table 2. It can be seen that all of these adsorption
curves are well-fitted by pseudo-second-order kinetic model.
The pseudo-second-order adsorption rate constants of PEI-AC
are different, which is in the order of kpgzac3o > kprracso™>
kperac2o0 > kperacio > kac

Figure 7(a) shows penetration curves at different intake
flow rates of PEI-AC30. Obviously, as the intake nitrogen
flow gradually increases, the penetration time becomes
shorter. Considering the adsorption performance and econom-
ic cost, we finally choose the 200 mL min™" as the dynamic
adsorption’s intake flow rate. Fig. 7(b) shows the penetration
curves fitted by Boltzmann model, and fitted parameters are
shown in Table 3. The penetration curves of formaldehyde
dynamic adsorbed on all samples are typical S-shaped.
The fitting results show that the above five dynamic
adsorption curves can be well fitted using the
Boltzmann model. The PEI-AC30 has the highest value
of fitted parameter 1/dx (9.1413), meaning that the mass
transfer resistance between PEI-AC30 and formaldehyde
is smallest, and the shorter mass transfer zone usually
leads to higher utilization efficiency of the adsorbent in
the fixed bed system.

The fitting results of the intragranular diffusion model of
formaldehyde adsorbed by PEI-AC are shown in Fig. 8. The
diffusion curve of formaldehyde on modified and unmodified
AC can be divided into three sections, the first stage is external
in the surface adsorption phase, the second stage is the slow
adsorption process, and the third stage is the final equilibrium
phase. The adsorption capacity of PEI-AC30 was the largest,
and the unmodified AC adsorption performance was the low-
est among the five adsorbents. According to the fitting results
in Table 4, the adsorption rates of the various stages are also
different. In the surface adsorption process, kpgiacso>
kperacso > kperac20> kper.acio™ kac, and the second stage
slow adsorption stage kpgracso > kpe-ac20> kperacso™>
kper.acio>kac, the third stage final equilibrium stage
kperacso > kperacso > kac > kper.ac20 > kperacio- The rea-
son for this may be that the pore structure is different from
the original one after PEI modification, and the hydrophilic of
the activated carbon surface is enhanced, resulting in large
differences in the properties of the respective surfaces.

The adsorption steps were repeated five times. As shown in
Fig. 9(a), the formaldehyde removal by PEI-AC30 was still
about 95% after the fifth run, indicating the excellent stability
of PEI-AC30. The adsorption of formaldehyde by PEI-AC30
also did not change markedly after five cycles. In addition, the
5-run experiments did not induce obvious change of XRD
characteristic peaks of PEI-AC30 (Fig. 9b), suggesting that
PEI-AC30 were stable.

Moreover, the adsorption performance of PEI-AC30 for
formaldehyde was also compared with other adsorbents re-
ported in the literatures (Boonamnuayvitaya et al. 2005,
Salman et al. 2012, Shin & Song 2011, Srisuda & Virote
2008, Wen et al. 2011, Yang et al. 2017). As seen in Table 5,
the PEI-AC30 showed better adsorption performance than
most of reported AC and modified AC adsorbents. The reason
for this is mainly related to the simultaneous change of pore
structure and surface functional groups after PEI modification.

Conclusions

A simple method of immersion is used to modify activated
carbon and to adsorb formaldehyde. Through studies, we
found that all modified activated carbon with PEI have good
formaldehyde adsorption performance, but the adsorption per-
formance will be influenced by the excessive increase of PEI
dosage. The improvement of adsorption performance is main-
ly attributed to the increase of specific surface area and the
increase of surface amine content after modification. After
kinetic fitting, all the adsorption curves were consistent with
the second-order kinetics, and all the breakthrough curves
could be described by using the Boltzmann model. And we
also find the cycling performance of PAC30 is really excel-
lent. Therefore, we believe that PEI modified activated carbon
can be used as a useful technology for the essence of VOCs.
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