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The growing industrial application of imidazolium-type ionic liquids (ITILs) is likely to result in their
release to the environment. Water-soluble ITILs are difficult to remove from wastewaters using tradi-
tional adsorbents. In this work, we developed different biochars derived from straw and wood (named as
SBB and WBB, respectively) to improve the adsorption effectiveness for removal of ITILs from waste-
waters. SBB had high O/C element ratio (0.143), while WBB had high ratio of Vpjcro/Viotal (61.5%) com-
pared with commercial activated carbon (AC). Both of them showed greater adsorption of ITILs than AC

Keywords: with different adsorption mechanisms. FTIR spectra revealed that electrostatic interactions were the
lonic liquids dominant driving force in SBB adsorption, while high micropore volume promoted adsorption in WBB.
f{\:rsr?;‘;]);on The adsorption of [C,mim][BF4] on SBB and WBB was strongly enhanced by trivalent PO,>~ anions,
Biochars suggesting that PO,>~ anions could be used as promoter to increase the removal efficiency of ITILs from

wastewater. Using HCl solution (pH=0.5) as regenerant, SBB and WBB were regenerated with nearly
100% recovery of adsorption capacity over ten consecutive adsorption-desorption cycles. Straw-based
biochar and wood-based biochar are efficient sorbents for removal of water-soluble ionic liquids from

aqueous solutions.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Ionic liquids (ILs) are a series of synthetic room-temperature
molten salts consisting of large asymmetrical organic cations (e.g.,
alkylimidazolium) paired with inorganic/organic anions (e.g., BF, ™,
PFs~) (Bubalo et al., 2014). Due to their unique physicochemical
characteristics such as low-volatility, non-flammability, high ionic
conductivity and thermal stability (Martinez-Palou and Luque,
2014), ILs have been widely used as alternatives to classical organic
solvents in the field of green synthesis, catalysis and separation
processes (Plechkova and Seddon, 2008). The growing application
of ILs in chemical industries has increased their opportunity for
release into the environment (Amde et al., 2015; Thi et al., 2010). IL
contaminants in effluents have shown low biodegradability and
high toxicity or inhibitory effects towards green algae and activated
sewage sludge organisms or inhibitory effects on their growth and
physiological activities (Liu et al., 2015; Markiewicz et al., 2013).
Therefore, appropriate treatment technologies should be developed
to dispose of ILs-containing wastewaters.

* Corresponding author at: State Key Laboratory of Pollution Control and
Resource Reuse, College of Environmental Science and Engineering, Tongji
University, Shanghai 200092, China.

E-mail addresses: ypqiu@tongji.edu.cn, ypgiu@g.ucla.edu (Y. Qiu).

http://dx.doi.org/10.1016/j.ecoenv.2016.04.017
0147-6513/© 2016 Elsevier Inc. All rights reserved.

Artificial methods for destruction of ILs in wastewaters include
biodegradation, ultrasonic degradation, electrolytic degradation,
UV photodegradation and fenton/fenton-like reactions (Amde
et al., 2015). Adsorption is the primary nondestructive technique
applied in the treatment of ILs-contained waters due to the re-
covery potential of ILs. Activated carbon (AC) adsorption is a po-
tential separation method for removing ILs from effluents (Lemus
et al., 2012; Palomar et al., 2009). However, the adsorption effi-
ciencies for ILs, even by high-surface-area ACs, are poor (Qi et al.,
2013), which is presumably due to their inherent surface hydro-
phobicity. ILs are usually classified as hydrophilic or hydrophobic
in terms of the length of the alkyl chain of IL cations as well as the
type of IL anions (Huddleston et al., 2001). Most ILs containing
short-alkyl-chain cations (C, < 4), are hydrophilic, which means
they have low octanol-water partition coefficients (Ko, 1073~
10~") and low water solubility (Hassan et al., 2014; Lee and Lin,
2014). Some ILs are composed of long-alkyl-chain cations (C,, > 4)
and strongly coordinating anions (e.g.,1-hexyl-3-methylimidazo-
lium bis[(trifluoromethyl)sulfonyl]imide or [Cemim][NTf;]) mak-
ing them hydrophobic in character. However, their K,y still remain
low ( < 2) (Ropel et al., 2005), which are smaller by 2—4 orders of
magnitude than many persistent organic pollutants (POPs). Thus,
the adsorption of ILs on ACs is significantly less than that of
many POPs.


www.sciencedirect.com/science/journal/01476513
www.elsevier.com/locate/ecoenv
http://dx.doi.org/10.1016/j.ecoenv.2016.04.017
http://dx.doi.org/10.1016/j.ecoenv.2016.04.017
http://dx.doi.org/10.1016/j.ecoenv.2016.04.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2016.04.017&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2016.04.017&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoenv.2016.04.017&domain=pdf
mailto:ypqiu@tongji.edu.cn
mailto:ypqiu@g.ucla.edu
http://dx.doi.org/10.1016/j.ecoenv.2016.04.017

156 K. Shi et al. / Ecotoxicology and Environmental Safety 130 (2016) 155-162

AC modification by physical or chemical treatments can im-
prove AC pore structure and/or increase the carbon surface groups,
thereby enhancing its adsorption affinity to ILs, but may be costly.
Biochar, a kind of eco-friendly biomass-derived carbon, has been
receiving considerable attention for its ability to remove con-
taminants, sequester carbon and improve soil fertility (Ahmad
et al., 2014; Singh et al., 2010). Biochar is a porous solid material
generated from the direct pyrolysis of a sustainable natural bio-
mass (e.g. crop residues, wood, manure and other waste feed
stocks) in an oxygen-limited environment (Lehmann and Joesph,
2009). It is regarded as a greener and less expensive adsorbent to
replace AC for removal of contaminants from wastewaters (Li et al.,
2014).

Typical biochar has less carbonized structure, less surface area
but more surface polar functional groups than AC (Azargohar and
Dalai, 2006). Qi et al. (2013) prepared a cellulose-derived carbo-
naceous material (CCM), with surface area only 2% of that of AC.
However, the uptake of 1-butyl-3-methylimidazolium chloride on
CCM was almost equal to that of AC. They further found that the
chemical activation with KOH to CCM had positive effect on hy-
drophilic ILs sorption, which they attributed to the increase of
polar oxygenated surface groups on CCM (Qi et al., 2014). It seems
that biochar with more hydrophilic structure would be more sui-
table for adsorption of polar or ionic chemicals compared with
commercial ACs.

Recently, the high sorption of ionic organic compounds on bio-
char, such as ionizable veterinary antibiotics (Zheng et al., 2013) and
water-soluble dyes (Qiu et al., 2009), has been widely reported. For
example, wood-based biochar showed the unbelievable adsorption
coefficient (K4) of sulfamethazine (K, =1.86) as high as 10° L/kg,
which was due to the coupling of coulombic attraction, 7" -1t elec-
tron-donor-acceptor (EDA) interaction and H-bonding between hy-
drophilic adsorbate and biochar surface (Teixid6 et al., 2011). Ana-
logously, biochar might also be considered a high efficiency absor-
bent for removal of ionizable ILs from wastewaters.

In the present study, straw- and wood-based biochars with
different surface properties and pore size distribution were pre-
pared to test their ability to absorb hydrophilic or hydrophobic
imidazolium-type ionic liquids (ITILs). The adsorption effects
caused by solution pH and the background cations/anions with
different charges were also investigated. Additionally, batch ad-
sorption-desorption tests were conducted to compare the removal
efficiency of ITILs by biochars from wastewaters. The object of this
work is to clarify the influence of structures and characteristics of
both adsorbate and adsorbent on the adsorption of ITILs by bio-
chars, to assess the adsorption effectiveness of ITILs on different
biochars, and to discuss the potential application of biochar as a
new efficient adsorbent for ITILs removal.

Table 1

2. Materials and methods
2.1. Materials

Five types of ITILs (purity > 98%) with different alkyl-chain cations
and different anions were purchased from Shanghai Chengjie Che-
mical Co. Ltd and listed in Table 1S. All of them were used without
additional purification. The straw-derived biochar was prepared ac-
cording to Qiu et al. (2008). In brief, the ashes from the burned rice
straws (Oryza sativa L.) were collected and treated by 0.5 mol I~ HCI-
HF solution (1:1) three times for removal of Si. After washed with
distilled water, the straw-derived biochars named SBB were attained
until the effluent pH increased to above 7.0. The wood-derived bio-
chars named WBB were obtained by slow-pyrolyzing from peeled
wood chips (Ziziphus jujuba L.) at 700 °C for 6 h under oxygen-limited
conditions. SBB and WBB were crushed and passed through a nylon
sieve with 0.154 mm openings. Wood-based commercial powdered
activated carbon (PAC) was donated by Calgon Carbon Co. Limited
(Suzhou, China).

The specific surface area (Sggr) of biochars and PAC was eval-
uated from the N, adsorption (77 K) isotherms by applying the
Brunauer-Emmett-Teller (BET) method using Micromeritics ASAP-
2020M (Norcross, GA, USA). Pore volume distributions were ana-
lyzed through the application of Density Functional Theory (DFT).
Scanning electron microscopy/energy dispersive X-ray spectro-
scopy (SEM/EDX) was used to investigate the morphological and
chemical composition of carbon particles. The percentage of car-
bon and oxygen in biochars and PAC was determined by EDX
analysis. The surface oxygen functional groups of carbons were
determined using Boehm's titration method (Qiu et al., 2008).
Fourier transform infrared spectroscopy (FT-IR) was recorded by a
Nicolet 5700 spectrophotometer (Thermo Electron Scientific In-
struments Corp., USA). The biochar samples were scanned in 32
scans over the range from 4000 to 500 cm~! with a resolution of
4 cm~ . Each spectrum of biochar before and after adsorption was
collected to discuss the potential adsorption mechanism for ITILs.

2.2. Batch sorption experiments

Batch adsorption experiments were carried out in 22 mL glass
tubes with ~0.08 g biochar or AC samples and 20 mL ITILs solutions
(0.5-3 mmol L~1). Various concentrations of ITILs were prepared
with 0.01 M (Nadl) ionic strength solution. All tubes were capped
and rotated end-over-end at 40 rpm to mix the contents at 25 °C for
36 h. No ITILs volatilization or degradation occurred during the
sorption process, as verified by HPLC analysis. The preliminary tests
showed that the sorption of ITILs on SBB, WBB and AC reached
equilibrium within 24 h (Fig. 1S). After attainment of equilibrium,
the solution was filtered using 0.45 pm-pore-size membrane syr-
inge filters and then analyzed for ITILs concentration by HPLC. All
the adsorption experiments were performed in duplicate, and the

Selected physicochemical properties of the powder activated carbon, straw-based biochar and wood-based biochar.

C (%) 0O (%) O/C  Sger D (nm) Viotal Vicro Vicro/ Surface acidity Surface basicity
(m*g™") (cm’g~1) (em*g™1) Viotal (mmolg~") (mmolg™")
Powder activated 90.34+0.02 8.24+0.02 0.091 1268.2 243 1.164 0.258 0.222 ND* ND
carbon
Straw-based 86.45+0.05 12.37+0.03 0.143 7331 4.88 0.894 0.099 0.111 0.89 + 0.06 0.71 + 0.04
biochar
Wood-based 9345+0.04 6.55+0.01 0.070 464.8 242 0.281 0.174 0.619 0.27 +0.02 0.45 +0.01
biochar

* ND = Not determined.
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data were presented as the mean values with the maximum relative
standard deviation (RSD) lower than + 6.0%.

2.3. Adsorption-desorption tests for [Comim][BF,]

2.3.1. Comparison of adsorption and desorption isotherms

Adsorption of [C;mim][BF4] by SBB and WBB was performed
using the above-mentioned batch equilibration method. The
working solutions contained [Comim][BF4] (1.0 mmolL~! to
4.5 mmol L~') and Na3PO,4 (0.01 mol L~ ). After reaching equili-
brium, all tubes were centrifuged at 2000 rpm for 10 min. 15 mL of
the supernatant was replaced with 15 mL 0.01 mol L~! Na3PO,
solution to observe desorption.

2.3.2. Continuous adsorption-desorption cycle tests

0.01 mol L~! Na3PO,4 was used as background solution to en-
hance the adsorption of [C;mim]|[BF,]. After achieving batch ad-
sorption equilibrium, the supernatant of [C,mim][BF4] was re-
moved as completely as possible by centrifugation. Subsequently,
20 mL HCl solution (pH ~0.5) was added in tubes and shaken for
24 h at 25 °C to desorb [C;mim][BF,] from SBB or WBB. After that,
the solution was centrifuged and then removed for the next ad-
sorption-desorption equilibrium experiment, and the [C;mim]
[BE4] concentrations in the supernatant and the acidic regenerant
were determined. The tests were repeated ten times to test the
potential application of SBB and WBB for continuous adsorption-
desorption of [Co;mim][BF,4]. The desorption efficiency of [C;mim]
[BE,4] in each cycle was calculated as follows: Desorption (%)=(the
number of moles of [C;mim]|[BF4] adsorbed onto biochars)/(the
number of moles of [Co;mim][BF4] desorbed from biochars) x 100%.

2.4. ITILs analysis

The amount of sorbed ITILs on carbons was determined by direct
analysis of the filtrate using Agilent 1200 Series HPLC System with a
reverse-phase column (Waters Cig, 5pum, 4.6 x 250 mm; Waters,
Milford, MA, USA). ITILs concentrations were identified via an UV
detector at a wavelength of 218 nm, with a flow rate of 1 mL/min and
sample size of 10 uL. The mobile phase was mixed with acetonitrile
and 5 mM pH 3.0 phosphate buffer (30/70%, v/v). Prior to the analysis,
all solvents were filtered through 0.45 um-pore-size membrane syr-
inge filters. All filters used in this did not adsorb the ITILs.

2.5. Data fitting

All sorption and desorption isotherm data are fitted by the
Freundlich equation,.

q, = Kp-C o))

where g. (mmolg~') and C. (mmolL~!) are the amount of
ITILs adsorbed and the equilibrium concentration, respectively. K¢
[(mmol g~ ')/(mmol L~")"] is a constant representing the sorption
capacity. n is the parameter describing the nonlinearity of iso-
therms, respectively. Apparent distribution coefficients xq (Lg™!)
were calculated by q./C. to compare different ITILs adsorption at
identical equilibrium concentration (e.g. Ce=1.0 mmol 1~ ).

3. Results and discussion

3.1. Structural properties of carbons and their gerneral adsorption of
ITILs

Under the same pyrolysis conditions, straw-based biochar (SBB)
and wood-based biochar (WBB) showed different microstructures

and different surface characteristics, which were probably related to
their structures of original biomass precursors (feedstocks). Rice
straw consists of hollow-tubular culms while Ziziphus jujuba L. is a
high density hard wood. Accordingly, SBB exhibited loose porous
texture, morphologically similar to the PAC used in this study (Fig. 2S
a and b). In contrast, WBB showed the highly compact and micro-
porous packing structure (Fig. 2S c).

SEM/EDX analysis revealed the high C elemental contents and
the presence of oxygen (Table 1). The O/C ratio of SBB (0.143) was
twice as high as that of WBB (0.070), suggesting the existence of
more surface oxygen-containing groups on SBB surface. It was
consistent with the Boehm's titration result where the surface
acidity of SBB (0.089) was 3.30 times higher than that of WBB
(0.027). The N, adsorption-desorption isotherm for SBB and PAC
features significant hysteresis loops at high relative pressure (P/Pg)
range of 0.5-1.0 (Fig. 1a), indicative of their mesoporous nature.
However, WBB exhibited a type I isotherm with nearly a flat iso-
therm. Additionally, the adsorption/desorption hysteresis loop of
WBB is scarcely visible, implying micropores would be dominantly
presented in WBB structure. The micropore volume (Viicro) Of
WBB (0.174cm?g~!) is 1.76 times higher than that of SBB
(0.099 cm® g~ 1) (Table 1) though its surface area (Sggr) and total
pore volume (Vioa1) are lower than that of SBB. PAC has a higher
Vinicro Value than WBB. However, itS Vicrof Viotal Iatio is 2.79 times
less than that of WBB. The results were in good agreement with
the pore size distribution of carbons (Fig. 1b), in which WBB ex-
hibited a narrow pore distribution with a main peak value of
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Fig. 1. (a) N, adsorption-desorption isotherms of PAC, SBB and WBB, (b) pore size
distribution curves of PAC, SBB and WBB, (c) General adsorption of [C;mim][BF,] on
PAC, SBB and WBB at pH 7.10 at 25 °C.
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around 0.54 nm, while both SBB and PAC displayed a wide me-
sopore distribution between 2 and 50 nm.

Although commercial PAC has a high surface area and large
pore volume produced by a well-controlled activation process, it
does not exhibit perfect adsorption ability for ITILs. By comparison,
both SBB and WBB samples, fabricated without any activation
process, have a significantly lower surface area. However, SBB
showed a similar adsorption capacity of [Comim]|[BF,] to PAC
(Fig. 1c). It seems that the surface area is not a key factor con-
trolling ITILs adsorption. The higher molar O/C ratio of SBB is as-
sociated with higher hydrophilicity of SBB and may help to facil-
itate the formation of polar interactions between SBB surface and
hydrophilic ITILs. Compared to the effect of surface hydrophilicity,
supermicroporosity may play a more important role in the overall
adsorption of ITILs. WBB exhibits the highest adsorption of
[Comim][BF4] because it has the highest proportion of micropores
(61.9% of total pore volume) among three carbons. These results
indicate biochars (SBB and WBB) have greater adsorption potential
than AC and might be considered as a suitable AC substitute to
remove ITILs from aqueous solutions.

3.2. Adsorption of ITILs on SBB

The adsorption of a homologous series of 1-alkyl-3-methyli-
midazolium tetrafluoroborate cations with different lengths of
alkyl chain (C;, C4 and Cs) and different fluorine-containing anions
on SBB is illustrated in Fig. 2a and b. All isotherms fit well to the
Freundlich equation and all the values of n are less than 1, sug-
gesting a concentration-dependent type of adsorption.

With a constant anion of tetrafluoroborate, a considerable in-
crease in K4 value is observed as the length of the straight alkyl
chains of ITILs increased. When the n-alkyl chain length on the
cation varied from ethyl to pentyl, the K4 of ITILs increases 3.63
times (Table 2S). Further analysis reveals that the K4 of [Cymim]
[BE4] on SBB is linearly proportional to the number of carbon
atoms (n) in alkyl chains of [C,mim]* cations with the correlation
coefficients (R?) larger than 0.999 (Fig. 2c). The sorption experi-
ment showed similar result with natural soils, where the log K4 of
alkyl imidazolium cations correlated reasonably well with n (R®
from 0.94 to 0.98). Lemus et al. (2012) also found that the ad-
sorption of homologous ITILs on commercial activated carbons
varied directly with the rise of molar volume of ITIL cations, re-
lating the total number of carbon atoms in their substituents.
These results suggested that an increase of hydrophobic nature of
ITILs with a larger alkyl chain would enhance the hydrophobic
interactions between cations and adsorbents, thereby favoring the
adsorption of ITILs.

Fig. 2(b) shows that the adsorption of ITILs strongly depends on
the counter anion of ITILs. The Ky of ITILs on SBB are ranked from
[BF4]~ < [PFg]~ < [NTf,]~, which is in accordance with the se-
quence of the hydrophobicity of anions. [C;mim][BF,] is the most
hydrophilic for its complete dissociation in water at the con-
centration examined in the study. Therefore, the adsorption of
[Comim][BF,] is actually the adsorption of [C;mim]™ cation. In
contrast, the anions of [PFg]~ and [NTf,]~ are expected to drive
dissociation of ion pairs with [C;mim]* cation. The ITILs bearing
the anion [NTf,]~ exist predominantly in the associative state,
suggestive of its highest hydrophobicity among three anions (Yee
et al,, 2013). According to Lee and Lin (2014), the logarithms of
1-octanol-water partition coefficient (log K,) of [Comim][BF4],
[Comim][PFg] and [Comim][NTf,] are —2.66,—2.36 and —1.18, re-
spectively. It is interesting to observe a positive linear relationship
between the Ky of ITILs with different anions on SBB and their log
Kow (Fig. 2(c)). The low R? value (0.833) presumably indicates that
the anion-induced hydrophobic interactions are not the dominant
interaction between ITILs and SBB surface.
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Fig. 2. Adsorption of [C,mim][BF4] by SBB at pH 7.10 at 25 °C: effect of (a) of alkyl
chain length of ITIL cations, C,,=C,, C4 and Cs; effect of (b) ITIL anions types, [BF4] ~,
[PFs]~ and [NTf,] . (c) the relationship between Ky of [C,mim][BF4] on SBB and the
number of carbon atoms (n) in alkyl chains of [C,mim]* cations (black line); the
relationship between K4 of [C,mim][BF4] on SBB and the Ky of ITILs with different
anions (red line). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

3.3. Adsorption of ITILs on WBB

Due to existence of more fine pore structures, WBB shows a
much higher Ky value for ITILs than SBB (Table 2S). The ratio of
Vinicro/Viotat Of WBB (61.9%) is 5.8 times greater than that of SBB
(11.1%), which results in the predominance of volume filling ad-
sorption on WBB. Micropore filling theory considers that multiple
walls of micropores easily form an overlapping adsorption force
thereby causing the enhanced volume uptake of ITILs solutes
(Mosher et al., 2013). A similar micropore-filling effect was found
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in the previous study of high-temperature-prepared (micropore-
dominated) biochars which showed that they adsorb more sulfo-
namides than low-temperature prepared (macropore-dominated)
biochars (Xie et al., 2014). However, micropore-dominated WBB
has no adsorption advantage for ITILs containing imidazolium
cations with long alkyl chains, compared with [C;mim][BF,4] and
[Csmim][BF4]. In general, the increase of alkyl-chain length not
only enhances ITILs hydrophobicity but also enlarges ITILs mole-
cule size. Fig. 1(b) shows that WBB contains mostly primary mi-
cropores (pore width < 0.8 nm), which are inaccessible to these
large molecules or cations. Previous studies demonstrated that
adsorption to micropore structure may occur as the pore size is
1.7 times the molecule’s second widest dimension (Pelekani and
Snoeyink, 2000). The cation size (length x width x thickness) of
[C4mim]* has been reported as 1.19nm x0.62nm x 0.4 nm
(Hassan et al., 2014). Consequently, [Cymim] ™" cations are difficult
to enter the primary micropore in WBB because the [C4mim]™
cation's second widest dimension is 1.05 nm, which is larger than
the primary micropore width of 0.8 nm. A similar pore blockage
will be observed for the larger[Csmim]™ cations. It is no wonder
that [Csmim][BF,4] displays the same adsorption to [C4smim][BF,].

ITILs with the hydrophilic anion ([BF4]~) and hydrophobic
anions ([PFs]~ and [NTf,]~) show similar adsorption capacity on
WBB (Fig. 3(b)), which is different from the adsorption on SBB.
Since [Comim][BFE,] is fully dissociated in dilute solutions (Borun
et al., 2015), the adsorption of [C;mim][BF4] on WBB is dependent
upon the adsorption of [Comim]* cations. By comparison,

4
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Fig. 3. Adsorption of [C,mim][BF4] by WBB at pH 7.10 at 25 °C: effect of (a) of alkyl

chain length of ITIL cations, C,,=C,, C4 and Cs; effect of (b) ITIL anions types, [BF4]~,
[PFs]~ and [NTf,] .

hydrophobic anions easily form ion-pair association by conjugat-
ing with methylimidazolium cation. These ion-pair structures are
larger than either respective cations or anions. Moreover, both
[PFg]~ and [NTf,]~ anions contain six fluorine atoms, which tend
to combine with water molecule clusters via hydrogen bonding
(Tran et al., 2003). The large ion-pair volume of [C;mim][PFg] and
[Comim][NTf;] prevents them from entering the primary micro-
pore regions on WBB. It seems that the steric hindrance effect
(adsorption reduction) will largely counteract the influence of ITILs
hydrophobicity (adsorption enhancement). Therefore, WBB is un-
suitable for adsorption of ITILs with large molecule size.

3.4. Using FITR for exploring adsorption mechanisms of ITILs on SBB
and WBB

Due to the special structure of with different alkyl chain length
and anion species, ITILs show multiple adsorption mechanisms
with solid adsorbents (e.g. soils), such as ion exchange, ion pairing,
hydrophobic bonding, m-m bonds, and Van der Waals forces
(Mrozik et al., 2008). Farooq et al. (2012) speculated that the ad-
sorption of [C4mim][Cl] on activated carbons was controlled by
electrostatic interactions rather than dispersive ones (e.g. hydro-
phobic bonding, m-m bonds). This hypothesis is based on the
comparison of the adsorption capacities of ITILs at acidic and al-
kaline pHs, but without direct spectroscopic evidence. In this
work, the spectroscopic mechanism of ITILs adsorption is explored
using FTIR spectra. Both FTIR spectra for SBB and WBB before and
after ITILs adsorption are depicted in Fig. 3S. The original SBB
shows two characteristic absorption peaks of 3416.1 and
1620.6 cm ™!, which are assigned to the stretching vibrations of O-
H and the unsymmetric stretching vibrations of C=0, respectively
(OGzcimen and Ersoy-Mericboyu, 2010). Similar bands are found on
the original WBB at 3447.8 and 1638.1 cm~ . After adsorption of
ITILs on SBB, different hypsochromical shifts of two characteristic
peaks for three kinds of ITILs are observed. The shift of the cor-
responding O-H and C=0 peaks ranged from 1.4 to 8.3 cm~! and
5.7-12.7 cm ™!, respectively. It is evidence of the participation of —
C-OH and -C=0 groups on the surface of SBB in the electrostatic
binding of [Comim]* cations. In general, hydrophilic ITILs,
[Comim][BF,], exhibiit higher shifts than hydrophobic ITILs
([C;mim][PFg] and [Comim][NTf,]), which is attributed to the
greater [C,mim]™" cations in aqueous solution due to the complete
dissociation of [Comim][BF,]. In contrast, PFs~or NTf, “anions tend
to form partial ion-pairs (association) with ITIL cations (Katsuta
et al., 2008). Therefore, less [C;mim] " in water will cause weaker
electrostatic interactions between ITILs and biochar surfaces. Si-
milar FTIR analysis has been used by Xu et al. (2011) to understand
the adsorption mechanism of methyl violet on biochars derived
from crop residues. They also found the blue shift on the oxygen-
containing groups after adsorption of the dye. This means that the
adsorption mechanism of methyl violet on biochars is electrostatic
attraction, which is a specific interaction between the cationic dye
and the groups of -COO- and phenolic —-OH. In another case, visible
changes in intensity and shift of peaks of the phenolic -OH
stretching and the C=O0 stretching in the carbon aromatic ring
were observed in the FTIR spectra of biochar after adsorbing ma-
lachite green (Leng et al., 2015). However, WBB shows negligible
blue shifts of two characteristic stretching vibration peaks (0.2—
0.8 cm~! for -OH and 0.2-0.3 cm~ ' for -C=0) after adsorption of
three kinds of ITILs (Fig. 3S -b). The surface functional groups on
WBB are only approximately 30% of that on SBB (Table 1). There-
fore, the electrostatic interactions may not play a primary role in
the adsorption of ITILs on WBB due to the absence of available
adsorption sites.
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3.5. Effect of pH and background cations/anions of different valences

Environmental factors, such as solution pH and the coexisting
electrolytes in water, strongly affect ionic organics adsorption.
Solution pH significantly influences the surface chemistry of bio-
chars as well as the sorbate species in solution (Qiu et al., 2008).
Due to the acidity/basicity of surface functional groups, the surface
of biochar has a net charge resulting from protonation/deproto-
nation of these dissociable functional groups (Yang et al., 2004). At
different pH values, the carbon surface will have a net positive or
negative electric charge, thereby influencing ITILs adsorption on
biochars. The adsorption of hydrophilic ITILs, [Comim][BF,], was
investigated as a function of pH over the range of 2.0 to 12.0.
Fig. 4a shows that the adsorption on both biochar samples in-
creased monotonically with increasing pH. At low pH, the surface
of biochars has a net positive charge resulting in attractive forces
that are overcome by electrostatic repulsion. Conversely, the ne-
gatively charged surface at high pH will promote the adsorption of
[Comim]* cations due to the enhanced electrostatic attraction. The
equilibrium uptakes of SBB and WBB at pH 12.0 are approximately
5.1 and 4.2 times greater than at pH 2.0, respectively. It suggests
that SBB and WBB can be used for adsorbing hydrophilic ITILs from
water at alkaline pH and then recovering the adsorbed ITILs using
acidic regenerate solutions. In the pH range studied, the amount of
[Comim][BF4] adsorbed on SBB and WBB linearly increases with
increasing solution pH (R? of 0.96 and 0.98, respectively). The
slope of line of SBB (0.0185) is similar to that of WBB (0.0179) and
the correlations are quite similar (Fig. 4a), which indicates that the
pH-dependent uptake of [C;mim][BF4] on biochars is independent
of biochar type and their structure characteristics.

The effect of the background ionic strength (univalent NaCl
solution) on the adsorption of [C;mim][BF4] by SBB and WBB is
shown in Fig. 4b. The adsorbed amount of [C;mim][BF4] on bio-
chars declines moderately with the growing NaCl concentration
from 0.01 to 0.5 mol L~ . It is the result of the screening effect of a

growing partial neutralization of negative charges on biochars by
Na™ cations. Another explanation is that more Na™ cations cause
more intensive competition for adsorption sites (e.g. deprotonated
carboxyl groups) with [C;mim]* cations. The decline of [C;mim]
[BE4] uptake onto SBB (46.9%) is higher than that onto WBB
(11.8%), which is due to the presence of more oxygen-containing
groups on the surface of SBB.

Background salts consisting of a series of 0.01 mol1~' mono-
valent, divalent and trivalent cations (or anions) were comprehen-
sively tested for their ability to influence the amount of [C;mim]
[BF4] adsorbed on SBB and WBB. Fig. 4c-d and Table 3S exhibit
greater inhibition of divalent Ca (II) and trivalent Al (IlI) on ad-
sorption of [C;mim][BF4] than monovalent Na (I) due to their
greater abilities of compressing the electrical double layer of bio-
chars. The stronger effect of Al (Ill) is due partly to the existence of
some insoluble aluminum hydroxide at the experimental pH, which
may block the micropores and cover the surface of biochars. The
influence mechanism of background anions on [C;mim][BF,4] ad-
sorption is more complex than background cations. In this work,
anions, whether monovalent CI~ or divalent SO, have no sig-
nificant impact on [C;mim][BF,] adsorption (Fig. 4e and f). How-
ever, trivalent PO,>~ dramatically enhances the adsorption of
[Comim][BF4] by K4 % of 279.4% and 80.6% on SBB and WBB, re-
spectively. It is because PO,>~, as a kind of salting-out salt, can
attract the solvent water molecules and disrupt the interaction
between the water and ITILs. Hence, it would result in a decrease of
relative solubility of ITILs in water and therefore largely improve
their adsorption onto biochars. The observation is in good agree-
ment with Neves et al. (2014) who showed that the presence of the
salting-out salt in water can greatly enhance the adsorption of hy-
drophilic [C4mim][Cl] and [C4ymim][CH3SO3] on activated carbons.
The salting-out phenomenon of polyvalent anions is also supported
by predictions of the change of log K, of hydrophilic ITILs in the
presence and in the absence of salt using the quantum-chemical
COSMO-RS method. As the salt concentration of polyvalent anions
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increases in aqueous solution, hydrophobic interactions will there-
fore increase because a higher log Ko value of ITILs is obtained
(Neves et al., 2014).

3.6. Potential application of biochars for removal of ITILs from aqu-
eous solutions

Using 0.01 mol L~ ! Na3PO,4 background solution as a desorbing
agent, SBB shows negligible irreversible adsorption of [C,mim]
[BF4] (Fig. 5a, Table 4S), which is presumably due to the existence
of strong binding between [Comim] cations and SBB surface.
However, the adsorption and desorption isotherms of WBB
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Fig. 5. Adsorption and desorption of [C;mim][BF,4] on (a) SBB and (b) WBB in
0.01 mol/l NasPO4 solution; (c) Continuous desorption efficiency of [Co,mim][BF4]
by SBB and WBB during the adsorption-desorption cycle tests (adsorption back-
ground solution: 0.01 mol/l NasPO4 with unadjusted pH; the initial concentration
of [C;mim][BF,4]: 2 mmol/l; solution volume: 20 mL; dosage of biochars, 2.5 g/L.
Desorption conditions: 25 °C for 24 h; desorbing agent, 20 mL aqueous solution
(pH=0.5, adjusted by HCl; dosage of biochars, 2.5 g/L).

completely overlap (Fig. 5b) because the adsorption of [C;mim]
[BF4] on WBB is a reversible physical adsorption process. These
observations are in accord with our prior FTIR analysis (Fig. 3S).
To explore potential application of biochars for ITIL removal
from wastewater, continuous (Ten times) adsorption-desorption
experiments were conducted to test the adsorption stability and
regeneration performance. 0.5 mol L~! HCI solutions were used as
a desorbing agent to improve the regenerability of biochars. For
the first cycle, desorption efficiencies of SBB and WBB were 93.8%
and 87.7%, respectively (Fig. 5¢), which is probably related to the
residual impurities in pores. After the first adsorption-desorption
procedure, the desorption efficiencies (DE%) for both biochars
stabilize at nearly 100% throughout the remaining nine cycles and
their adsorption capacities (q;;) remain about 0.26 and
0.23 mmol g~ ! for SBB and WBB, respectively. The performance
indices, including DE%, q., and cycle times, are superior to the
reported data on carbon microspheres derived from hydrothermal
carbonization of cellulose (Qi et al., 2013). Our study indicated that
SBB and WBB are potentially efficient adsorbents for recovery of
water-soluble ionic liquids from wastewater. Further studies of
fixed-bed or column adsorption will be performed in the future to
better understand the application of biochars for ITILs removal.

4. Conclusions

In this work, we developed two biochars derived from straw
and wood (SBB and WBB, respectively) to improve the adsorption
effectiveness for removal of ITILs from wastewaters. SBB had
abundant oxygen-containing functional groups, while WBB dis-
played a high percentage of micropores. Both of them exhibited
greater ITILs adsorption effectiveness than high-surface-area ac-
tivated carbon. FTIR spectra revealed that electrostatic interactions
were the dominant driving force on SBB. In contrast, micropore-
filling effect promoted ITILs adsorption on WBB. Adsorption of
ITILs (e.g. [C;mim][BF4]) on SBB and WBB is pH-dependent and
can be significantly enhanced by trivalent PO,>~ anions due to
salting-out effect. The adsorbed [C,mim|[BF,4] are easily desorbed
with HCI solution (pH 0.5) and the adsorbents could be reused up
to ten adsorption-desorption cycles without losing high adsorp-
tion efficiency. Our results showed that both SBB and WBB are
efficient sorbents for removal of water-soluble ionic liquids from
wastewaters.
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