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a  b  s  t  r  a  c  t

We  demonstrate  here  the  transformation  of waste  cow  manure  into  N rich  porous  carbons  (NPC)  with
large  amount  of micropores  and  large  Brunauer–Emmett–Teller  (BET)  surface  areas.  The  transformation
process  was  achieved  via  carbonization  of  cow  manure  in presence  of  ZnCl2 and  FeCl3 additives,  with-
out  using  additional  templates.  The  resultant  NPC  could  be converted  into  microporous  carbonaceous
solid  acids  (NPC-[C4N][X])  by  quaternary  ammonization  of  samples  with  1,4-butane  sultone,  and  ion
exchanging  with  strong  acids  such  as  HSO3CF3 and  H2SO4. X-ray  diffraction  patterns  and  Raman  spectra
showed  that  NPC-[C4N][X]  exhibit  amorphous  carbon  network.  N2 isotherms  and  SEM  images  showed
that  NPC-[C4N][X]  have  abundant  nanopores  with  large  BET  surface  areas.  XPS,  FT-IR  and  elemental
analysis  results  showed  the N rich  network  in NPC  support,  has  been  successfully  and  homogeneously
functionalized  with  strongly  acidic  ionic  liquid  and  sulfonic  groups. 31P  solid  NMR  spectra  confirmed
that  NPC-[C4N][X]  have  typical  Brønsted  acid  centers  with  strong  and  controllable  acidity.  Catalytic  tests
showed  that  NPC-[C4N][X]  exhibits  excellent  activity  and  reusability  in production  of  biofuels  and  fine
chemicals  through  esterifications,  transesterifications,  and  depolymerization  of microcrystalline  cellu-
lose.  This  approach  may  provide  a novel  and cost  effective  way  to recycle  the  waste  cow  manure  into
efficiently  porous  carbon  based  solid  acids  for heterogeneous  acid  catalysis.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Recently, significant efforts have gone into development of solid
acids as alternatives to mineral acids to catalyze transformation
of low cost feedstocks into useful chemicals and biofuels [1–8]. In
comparison to mineral acids, the solid acids catalysts exhibit unique
characteristics which include low toxicity, reduced corrosion, envi-
ronmentally friendly, easy separation from reaction mixtures, good
product selectivity and reusability. This underscores their poten-
tial importance in the areas of green and sustainable chemistry
[3–14]. The general framework of solid acids comprises of versatile
compositions based on silicas, metal oxides, polymers and carbons
[5,6,15–17]. While inorganic solid acids like zeolites, sulfated metal
oxides and sulfonic group functionalized mesoporous silicas show
good thermal stabilities, with wide applicability as reusable acid
catalysts, their hydrophilic framework results in the deactivation
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of acidic centers by water, which usually released as a byproduct
in many acid-catalyzed reactions [5,6,10,18,19]. Additionally, lim-
ited concentrations of active acid sites also leads to a constraint in
their catalytic applications [8,15,20–22]. The development of poly-
meric solid acids with controllable hydrophobicity and wettability
basically overcome the disadvantages of the above inorganic solid
acids such as deactivation of acidic sites by water and low concen-
trations of acidic sites [4,8,23,24]. While polymeric solid acids such
as macroporous acidic resins and mesoporous polymeric solid acids
show excellent catalytic activities and good reusability in esterifica-
tion, transesterification and condensation reactions, the relatively
low thermal stability of polymeric networks imposes constraints
on their applications at high reaction temperatures [4,8,23–25].

These limitations can be overcome by employing carbona-
ceous networks, which possess controllable hydrophobicity, good
thermo-mechanical and chemical stabilities [26–30]. Such net-
works can then serve as supports for grafting with acidic groups.
Hara and coworkers synthesized carbonaceous solid acid by
heating aromatics such as naphthalene in sulfuric acid at high tem-
peratures up to 473–573 K. The resultant solid acids showed good
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catalytic activity in esterification and hydrolysis [31]. To facilitate
rapid diffusion of reactants and products in and out of the solid
acids, a mesoporous structure is desirable and hence sulfonic group
functionalized mesoporous carbons have been systematically stud-
ied. Sulfonic group functionalized ordered mesoporous carbons
with large BET surface areas and abundant nanopores have been
synthesized by Wang et al. [32]. The resultant mesoporous carbon
based solid acids were observed to act as highly active protonic
acid sites for catalyzing synthesis of Bisphenol-A [32]. In the mean-
time, other groups have also synthesized various sulfonic groups
functionalized ordered mesoporous carbons [33–35], however, the
high cost and complex synthetic procedures associated with their
preparation largely constrain their widely industrial applications,
especially in large scale [32–36].

Thus the key to effective application of carbonaceous solid acids
lies in reducing their cost of production and environmental pol-
lution. Low cost biomass such sugars and crystalline cellulose
could be used as raw materials for preparation of carbonaceous
solid acids [16,17,37], wherein the solid acids comprise of flex-
ible polycyclic aromatic carbon nanosheets with SO3H, COOH
and phenolic OH groups in a 3D network [16,17,37]. Alterna-
tive biomass resources such as corn straw, microalgae residue,
bagasse and vegetable oil asphalt could also be used as precur-
sors for synthesizing carbonaceous solid acids [38–41]. However,
till date, there have been few reports on transformation of waste
and low cost feedstocks, which need fiscal investment for their
disposal, into carbonaceous solid acids. We  report here the syn-
thesis of highly porous and efficient carbonaceous solid acids
(NPC-[C4N][X]) derived from waste cow manure for the first time,
a very low cost feedstock. The waste cow manure was  firstly
transformed into N rich nanoporous carbons (NPC) via carboniza-
tion in the presence of ZnCl2 and FeCl3 additives without using
any other templates. This was followed by treatment with 1,4-
butane sultone and ion exchange with strong acids such as HSO3CF3
and H2SO4. Notably, the resultant NPC-[C4N][X] showed excellent
activity and good reusability in the reactions of esterification of
fatty acid with methanol, transesterifications of oil with methanol,
and depolymerization of microcrystalline cellulose into fine chem-
icals, which was much better than those of commercially acidic
resin of Amberlyst 15, H-ZSM-5, reported carbonaceous solid acids
and sulfonic group functionalized ordered mesoporous silica (SBA-
15-SO3H). This work provides a cheap alternative precursor to
the manufacture of carbonaceous solid acid structures, which puts
forth a new idea in the synthesis of efficient porous carbonaceous
solid acids from very low cost waste cow manure, with a poten-
tial for widespread catalytic applications to synthesis of various
chemicals in industry.

2. Experimental sections

2.1. Chemicals and reagents

All reagents were of analytical grade and used directly
without further purification. FeCl3, ZnCl2, tripalmitin,
Amberlyst 15, Amberlyst 70, toluene, CH2Cl2, 1,4-butane
sultone, trifluoromethanesulfonic acid, sulfuric acid, oleic
acid, methanol, poly(ethyleneoxide)-poly(propyleneoxide)-
poly(ethyleneoxide) (Pluronic P123, molecular weight of about
5800), 3-mercaptopropyltrimethoxysilane (3-MPTS), tetraethyl
orthosilicate (TEOS), microcrystalline cellulose, gamma valerolac-
tone (GVL) and H3PW12O40 were purchased from Sigma–Aldrich
Company, Ltd (USA). H-form zeolite was  supplied by Sinopec
Catalyst Co. Brown grease oil was extracted from the wastewater
treatment plant, which was obtained from Torrington city in
Connecticut. The resultant brown grease contains 89% of FFA and
11% of tri, mono and di glyceride. The waste cow manure was
obtained from grassland.

2.2. Preparation of catalysts

2.2.1. Synthesis of NPC
Before carbonization, the waste cow manure [H2O (∼10.4 wt%),

total fiber (∼52.6 wt%), lignin (∼13 wt%), cellulose (∼12.2 wt%),
hemicellulose (∼27.4 wt%), proteins (∼18.1 wt%), total nitrogen
(∼2.62 wt%), phosphorous (∼0.51 wt%), sulphur (∼0.31 wt%) and
other compositions] was washed with hexane for 3 times, dried
under vacuum condition for 3 days, and then became powder by
using grinder. In a typical synthesis of NPC, 3 g of dry cow manure
without further treatment was mixed with 9 g of ZnCl2 in 50 mL
of 3 M FeCl3 solution at a temperature of 80 ◦C. The slurry was
stirred at 80 ◦C for 3 h, till most of the water was evaporated. The
remaining mass was  dried at 100 ◦C to constant weight in a hot air
oven whereby the carbon precursor was obtained. Subsequently,
the activation and carbonization process of the carbon precursor
was carried out in a tubular furnace under a N2 atmosphere by
heating the sample at a rate of 5 ◦C/min up to 900 ◦C for 1 h. To
purify the NPC, the carbonized sample was  washed with abun-
dant hydrochloric acid to removing metal species, and the residual
hydrochloric acid could be removed from washing of the sample
with large amount of water until neutral. Finally, NPC was dried at
60 ◦C under vacuum condition, which showed the yield at around
40% with the concentrations of C, N, O, P, Cl and S at around 61.4,
2.52, 6.4, 1.3, 2.2 and 0.32 wt% respectively.

2.2.2. Synthesis of strong acid ionic liquids functional NPC of
NPC-[C4N][SO3CF3].

NPC-[C4N][SO3CF3] was  synthesized from quaternary ammo-
nization of NPC with 1,4-butane sultone, followed by an anion

Table 1
The textural and acidic parameters of various catalysts.

Samples Acid contents (mmol/g)a N content (mmol/g)b SBET (m2/g)c Vp (cm3/g)c Dp (nm)d

NPC – 1.80 2434 1.52 1.8
NPC-[C4N][SO3CF3] 1.25 1.76 726 1.31 1.8
NPC-[C4N][SO3CF3]e 1.21 1.71 706 1.28 1.6
NPC-[C4N][SO4H] 1.22 1.72 701 1.29 2.1
SBA-15-SO3H 1.98 – 814 1.4 7.5
H3PW12O40 3.5 – 4.8 – –
Amberlyst 15 4.7 – 45 0.31 40
[C4vim][SO3CF3] 2.96 – – – –
H2SO4 10.2 – – – –

a The acid concentration was obtained from acid-base titration.
b The data was  obtained from CHNS elemental analysis.
c The data was  obtained from N2 adsorption.
d The pore diameters were calculated from BJH model.
e Recycled NPC-[C4N][SO3CF3] in catalyzing microcrystalline cellulose transformation.
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