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Colfee residues from instant coflee plants were used to produce mesoporous activaled carbon. A series
of carhonization and activailon conditions were examined to elucidate the effect of each condition, The
specific surface area, mesopore and total pore volumes were evaluated by nitrogen adsorption at 77 K,
and the surface chemistry was characterized by FTIR. The activated carbon derived in the conditions of
a ZnCl fcaffee weight ratio of 3, an activation temperature of 600°C and a CO, activation lime of 4 h
(R30T600114) yielded a surface area of 300 m¥g, a total pore volume of 1.01 cmYg with a mesopore
content of 92% ., The FTIR results demonstrated that the C~-H group was the main functional group on
the sorface of colfee-derived activated carbon. The adsorptive capacities of R30T600H4 compared with
a commercial activated carbon CAL for phenol, mcthylene blue and erythrosine red. We found that for
small motecules such as phenol and methylene blue the adsorption capacity of R30T600114 was lower
than that of CAL, whereas, for larger molccules such as erythrosine red R30T600H4 was higher, The
mesoporous structure and the surface chemistry of coffee-derived activated carbon associated in the

adsorption were discussed.

Introduction

Activated carbon has been widely used as
adsorbents, catalysis and catalyst supports in a variety
of industrial and environmental application such as
removing hazardous compounds from industrial wastc
gases or waste water (Nagano er al., 2000; Guo and
Lua, 2000). The matching of the pore size in adsorb-
ent with the molecules of adsorbate is a critical paint
for effective adsorption operation. In general, pore size
distribution of the activated carbon ranges widely. Ac-
cording to the International Union of Pure and Applied
Chemistry (IUPAC) (Bansal, 1998), the pores of a po-
rous malterial are classified into three groups:
macropores (diameter > 50 nm), mesopores (2 < diam-
ater < 50 nm) and micropores (diameter < 2 nm). Con-
ventional activated carbons with micro-pores are used
for the adsorption of gases and vapors, while the ex-
istence of mesopores enhances the adsorption capac-
ity of large adsorbates (Tamon et af., 1999; Hsich and
Teng, 2000).

Received on May 31, 2004, Correspondence concerning this
article should be addressed 1o V. Boonamnuayvitaya (E-mail
address: virote.boo@kmutt.ac.th}.

Almost any carbonaceous material can be con-
verted into activated ecarbon. Conventionally, activated
carbon is produced from wood, peat and coal. Wastes
of agricultural origin, i.e. coconut sheils (Hu and
Srinivasan, 1999}, palm oil shells (Hussein er af., 1996;
Vitidsan ef al., 1999), sugar cane and rice husks, have
been widely investigated. Activated carbon derived
from waste coffee beans have recently reported. Evans
et al. (1999) used KOH to activate coffee grounds and
obtained the high surface area around 2030 m¥/g.
Nakagawa er al. (2001) converted waste coffee beans
into activated carbon by using steam and several
types of metal salts. They attained surface area over
1000 m*¢g and pore volume 0.50 cm*/g. Baquero efal.
(2003) activated the coffec bean husks by using
phosphoric acid. They attained a surface area as large
as 1,400 m¥g and a pore volume of 1.25 em¥/g. Coffee
restdues are solid wastes discarded from the extrac-
tion process of instant coffee manufacturing. In Thai-
land, annually 21,000 tons of these wastes are currently
disposed of by burning as fuel or mixed as fertilizer.

Production of activated carbons involves two
steps: the carbonization of raw carbonaceous materi-
als in an inert atmosphere and the activation of
carbonized carbon. Activation can be carried out by
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Fig. 1 A scheme of experimental set-up of physicochemical activation for the production of activated carbon: 1, stainless
steel cylindrical tube; 2, ceramic crucible for sample loading; 3, tube furnace; 4, N,-cylinder; 5, CO,-cylinder,

6, temperature controller

physical (hydro-thermal) or chemical means. In physi-
cal activation process, generally the precursors are ac-
tivated with high temperature steam (H,0) or CO, in
the range of 800-1100°C (Toles et al., 1998) while
chemical activation processes, or acidic reagents
(ZnCl,, H,PO,, HCI, H,S0O,, eic.) (Philip and Girgis,
1996) and the precursors are mixed with basic reagents
(KOH, NaQOH, etc.) (Evans, 1999, Guo and Lua, 2000}
and activated in the temperature ranging from 300 to
800°C. The purpose of activation is to enlarge diam-
eters of fine pores and derive new pores after the car-
bonization step. However, the carbonization and acti-
vation steps can be accomplished in a single step by
carrying out thermal decomposition of raw material im-
pregnated with chemical agents. Zhonghua and co-
workers (Hu et al., 2001) carbonized coconut shell
impregnated with ZnCl, at nitrogen atmosphere and
activated with CO,, respectively. They found that CO,
enlarged fine pore and mesoporous content of activated
carbon from coconut and palm seed were 71% and 94%.,
respectively. However, based on our knowledge, the
application of coffee residues, as activated carbons by
ZnCl, and CO, has never been reported.

In this work, we aim to produce mesoporous acti-
vated carbons from coffee residues. Coffee residues
are impregnated with ZnCl, and carbonized under the
nitrogen conditions and activated with CO, respec-
tively. The surface area and pore volume of the de-
rived activated is evaluated by nitrogen adsorption at
77 K, and the chemical functional groups on the sur-
face is characterized by FTIR. The adsorptive capaci-
ties of coffee-derived activated carbon are compared
with that of commercial activated carbon (CAL) for
adsorbates of different molecular sizes, i.e. phenol (mo-
lecular size = 1.0 nm), methylene blue (molecular size
= [.5 nm) and erythrosine red (=1.9 nm). The
mesoporous siructure and the surface chemistry of cof-
fee-derived activated carbon are discussed.

1. Experimental

1.1 Raw materials and pretreatment

Coffee residues produced from an instant cof-
fee manufacturing process (Quality Coffee Product
(Nestle) Company) were used as raw materials for the
preparation of activated carbon in the present study.
The coffee residues as received contained 45 wt%
moisture. We washed the residues with tap water, which
was sun-dried for 2 days and stored in a desiccator.
The approximation analysis according to ASTM
3172-89, demonsirates that the coffee residues con-
tain 13.27 wt% fixed carbon, 82.81 wt% volatile,
0.41 wi% ash and 3.51 wt% moisture. Zinc chloride
of purity higher than 98% was purchased from Ajax.
Nitrogen of 99.99% purity by volume and carbon di-
oxide of 99.80% purity were obtained from TIG (Thai-
land). Phenol, methylene blue and erythrosine red were
purchased from Merck. All chemicals were used with-
out further purification. The commercial activated car-
bon, CAL (Calgon Co., Ltd.) which made from bitu-
minous coal (Ariyadejwanich et al., 2003) was used in
this study. The specification of CAL is as follows: sur-
face area, 956 m¥/g; iodine number, 746; particle size,
under 70 mesh,
1.2 Preparation of activated carbon

Coffee residue was dried in an oven at 110°C for
24 h prior to all experiments. ZnCl, in the form of pow-
der and some water were added to the coffee residues
to provide the weight ratios of ZnCl, 10 coffee residue
(R) of 2.5, 3, and 3.5. The mixtures were dried in an
oven overnight at 1 10°C for 48 h and then carbonized
in a tube furnace (CTF12/65/550, Carbolite} under a
nitrogen flow of 0.12 drm*/min as shown in Figure 1.
The temperature was ramped at 10°C/min up to a pre-
set temperature (600, 700 or 800°C). Nitrogen was re-
placed by CO, when the temperature reached the pre-
sel temperature and the activation was continued for
2 or 4 h, After activation, the activated products were
cooled to room temperature and washed with deionized
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Table 1

Sample identification

Sample identification

to coffee residue (R)

Weight ratio of ZnCl,

R25T600H2 2:5
R30T600H2 3
R3ISTO0OOH2 3
R25TGOOH3 2
R25T600H4 2.
R30T6O0H4 3
R30T700H4 3
R30T8C0OH4 3

CO, activation

Time {k]

Temperature [°C]
600
600
600
600
600
600
700
800

L)

Bob oBob e e

water 1o remove remaining ZnCl,. Subsequently, the
samples were transferred to a beaker containing a
250-cm? solution of 0.1 M HCI, stirred for 1 h, and
washed with hot deionized water until the washed so-
lution was free of zinc cations or water pH was neutral
{=6.5-7.5). The samples were dried in an oven at 110°C
for 24 h and weighed. The sample identification with
preparing conditions were designated as shown in Ta-
ble 1, for example, R25T600H2 means coffee residue
impregnated with ZnCl, at R 2.5, activated with CO,
at 600°C for 2 h. Coffee residue that was not activated
by ZnCl, is designated as “coffee carbon”. It was pre-
pared by carbonizing dried coffee residue in a tube
furnace (CTF12/65/550, Carbolite) under a nitrogen
condition at 600°C for 4 h.

1.3 N, adsorption-desorption (BET}

The N, adsorption-desorption isotherms of the
coffee-derived activated carbons were measured using
an automatic adsorption instrument (Gas Sorption
Analyzer model Nova-1200, Quantachrome Corp.) in
order to determine the mesoporous area, microporous
area, pore volume and pere size distribution. Prior to
analysis, the samples were outgassed at .50°C under
nitrogen flow for 2 h. The N, adsorption-desorption
data were recorded at the liquid nitrogen tempera-
ture of 77 K. All surface areas were calculated from
the nitrogen adsorption 1sotherms by assuming the area
of a nitrogen molecule to be 0.162 nm?. In addition,
the microporous volume and mesoporous surface area
were calculated by a 7-plot method (Hu er al., 2001 ).
1.4 Residual zinc content analysis

Some ZnCl, after the activation process remained
on the surface of coffee derived activated carbon was
washed out as stated in the step of activated carbon
preparation. However, there exists some residual Zn
content in the pores of coffee-derived activated car-
bon. To study the effect of ZnCl, dose on the activa-
tion and texture characteristics we have to guantita-
tively analyze these residual zinc content. The sample
of coffee-derived activated carbon 0.5 g was put into a
ceramic crucible and burnt in a muffle furnace at 600°C
for 1 h. The samples were cooled to room tempera-
ture. After cooling, the ashes were transferred into a
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500-cm?® Erlenmeyer flask with 15 cm* of 6 M HCI
and 5 em’ of 7 M HNO,. The mixtures were then put
on a hot plate for 2 h. Any insoluble residue was re-
moved by vacuum filter. The solutions were then di-
tuted in volume to 50 cm?®. The residual zinc content
was analyzed by the conventional AAS (Atomic ab-
sorption spectrometer) method in an air-acetylene
flame.

1.5 Thermo gravimetric analysis (TGA)

Five samples, i.¢, raw coffee residue dried at
110°C, caoffee residue impregnated with ZnCl, at three
weight ratios (R 2.5, 3 and 3.5) 2nd pure ZnCi, were
subjected to thermo-gravimetric experiments carried
out with a thermo-gravimetric analyzer (TGA-50,
Stimadzu Corp.). The weight loss was recorded in the
range of 30-800°C at a ramping rate of [0°C/min un-
der flowing nitrogen and held at 800°C for 10 min.
1.6 Fourier transforms infrared (FTIR) spectra

Each sample was mixed with KBr (analytical
grade IR) in order to prepare a 0.5% (w/fw) dispersion
sample in KBr. Infrared spectra of the samples were
determined using an FTIR spectrometer (FTS 175, Bio-
Rad Laboratories, Inc.) and automatically corrected for
an air background. For each run, 32 scans were taken
at a resclution of 4 em™'. During the scans, the FTIR
chamber was continuously purged with a flow of ni-
trogen to remove moisture.

1.7 Adsocption of phenol, methylene blue and
erythrosine red

Adsorption is an effective method for assess-
ment of adsorptive capacity. Phenol (molecular size =
1.0 nm), methylene blue (=1.5 nm} and erythrosine red
(=1.9 nm) (Hu er al., 2001) were chosen as adsorbates
1o test the adsorptive capability of the coffee-derived
activated carbons. Adsorption experiments were car-
ried out using batch equilibrivm techniques. Initial con-
centrations of phenol, methylene blue and erythrosine
red were prepared in the range of 50-1200 mg/dm?®. A
series of (0.5 g carbon samples in 100 cm? solutions in
250-cm® Erlenmeyer flasks were sealed and shaken at
room temperature until equilibrium was obtained
(around | h). Then the adsorbents were removed by
filtration, The concentrations of the adsorbate in the

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN
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Fig. 2 The nitrogen adsorption-desorption isotherms of
coffee residue, coffee carbon, and CAL and coffee
residue-derived activated carbons of R25T600H4,
R30T600H4 and RIST6OOH4. The solid and dot-
ted lines represent adsorption and desorplion re-
spectively

solution were determined by a UV/visible spectropho-
tometer {ultraspec LKB 4050, Biochrom) at a wave
length of 285 nm for phenol, 525 nm for methylene
blue and 610 nm for erythrosine red. Calibration curves
were used to calculate the concentrations of adsorbate
in the equilibrated soiutions. For comparison, the same
experiments were also carried out with a commercial
activated carbon (CAL).

2. Results and Discussion

2.1 Nitrogen isotherm

Figure 2 shows the nitrogen adsorption isotherms
obtained at 77 K on R25T600H4, R30T600H4,
R35T600H4, virgin coffee residue, coffee carbon and
commercial activated carbon (CAL). The isatherms of
coffee residue, coffee carbon exhibit a type I isotherm
of BDDT classification (Bruch, 1997), characterized
by a plateau which is nearly or quite horizontal and
which may cut the p/p, = | axis sharply. In the case of
coffee residue the isotherm exhibits no hysteresis at
all, while that of coffee carbon exhibits a hysteresis
persisting to the lowest pressure. However, the iso-
therms of the coffee-derived activated carbons prepared
with ZaCl, (R25T600H4, R3I0T600H4, R35T600H4)
exhibit type IV adsorpiion isotherms characterized by
hysteresis loops where the amount adsorbed are always
greater at any given relative pressure along the
“desorption branch™ (dot line) than along the “adsorp-
tion branch™ (solid line). These isotherms are attrib-
uted to the physical adsorption of gases by mesoporous
materials and the initial pores are widened 10
mesoporous range (Benkhedda er al., 2000; Chiang er
al., 2001).
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Fig. 3 SEM of coffee residue before carbonization (a),
after carbonization as coffee carbon (b) and after
activation as R3OT600H4 (c)

The morphology of coffee residue, coffee carbon
and R30T600H4 are shown in Figure 3. These sam-
ples were observed by a scanning electron microscopy
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age of coffee-derived activated carbons derived from
BET measurements are tabulated in Table 2.
Mesoporous surface area (§_ ) was calculated by a
i-plot method (Hu er al.. 2001). The microporous sur-
face area {§_) was obtained by subtracting mesoporous
surface area from corresponding total surface area.

With increasing R from 2.5 to 3.0 as shown in the
samples R25T600H4 and R30T60CH4, total surface
area (5.}, total pore volume (V;) and burn-off percent-
age increase. However, when R is beyond 3.0 as in
R35T600H4, the values of S, V, and burn-off percent-
age decrease significantly. Taking the residual Zn con-
tent into consideration we found that the residual zinc
increased with the initial zinc dose. The residual Zn is
ascribed to the excess ZnCl, dose. In particular, in the
sample of R 3.5, the residual Zn is considered to plug
pores and sequentially decreases the surface area and
pore volume. As a result, the burn-off percentage of
R35T600H4 dropped to 50.28%.

From the viewpoint of CO,-activation times found
in R30T600H2, R30T600H3 and RIOT600HS, total
surface area, total pore volume and burn-off percent-
age increase with increasing CO,-activation times.
These results demonstrate that activation time affects
the conversion of ZnCl, in the carbon structure, The
decrement of residual zinc content supports this evi-
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Table 2  Surface areas and pore volumes of coffee-derived activated carbons and CAL (commercial activated
carbons)
Samples Ve Vo V. §; Wy S %o VIV D ResidualZn  Bum-off
[em’g] [em’g]l [cmg]l [m¥gl [migl [(m'/g) [nm]  content (%) [%]

R25T600H4  0.80 0.69 0.11 761 479 282 87 4.2 0.80 63.78
R30T600H4 1.01 0.93 0.08 913 629 284 92 4.4 1.76 72.00
R35T600H4 ¢.72 0.66 0.05 613 442 171 92 4.7 10.67 50.28
R30T600H2  (0.93 0.83 0.10 842 558 283 89 4.4 5.25 65.18
R30T600H3 0.96 0.87 0.10 858 582 276 90 4.5 3.38 67.40
R30T600H4 [.01 0.93 0.08 913 629 284 92 44 1.76 72.00
R30T600H4 1.01 0.93 0.08 913 629 284 92 4.4 1.76 72.00
R30TT00H4  0.42 0.36 0.06 403 240 162 85 4.2 11.33 70.10
R30T800H4 0.18 0.18 0.00 141 189 22 100 52 12.32 65.20
CAL 0.63 024 039 956 740 216 38 2.4 ol |

(SEM, JSM-SSOOLV) at 15 kV. Coffee residue is non- L

porous material and has low surface area as analyzed . O Coflee activated carbon

by BET. While in the cases of coffee carbon and car- 2 S go:ee car_l;un

bonized coffee residue, the surface is changed to a B o ——— EE— ==t

graphite structure. Patrick (1995) reported that the =2

' graphite structure consists of parallel layers of con- E_ 600 1

densed regular hexagonal rings spaced by 0.34 nm. £ <ol I

However after the activation process of R30T600H4, 3 ,' !

the surface structure is created for the new pores and E 200 4 1 ®

enlarged fine pores that contribute to the increment of & i %)%o O

surface area. 0 1& Yo Q-0 -~ ———--g-=—0x

2.2 BET analysis . . i ,
Surface area, pore volume and burn-off percent- o 10 20 30 40

Pore diameter {nm]

Fig. 4 Pore size distribution of the tested samples

dence.

From the viewpoint of temperature as shown in
R30T600H4, R30T700H4 and R30T800HA4, we found
total surface area, pore volume and burn-off percent-
age decreased with increasing activation temperature.
The residual zinc content consequently increased ei-
ther. This may be ascribed 1o the beiling point of ZnCl,
at 570°C as shown in the TG and DTG results (see
Figure 6) and that at the activation temperature around
700°C and 800°C, ZnCl, evaporates and the vapor may
diffuse deeply into the pore structure of coffec carbon
than at temperature of 600°C. Thus, these zinc may
obstruct the pore creation and block the adsorption
sites. The burn-off percentages that decrease with in-
creasing temperature supports the above discussion.

The pore size distributions of coffee residue,
coffee carbon, CAL and coffee residue activated car-
bon of R30T600H4 were measured as shown in Fig-
ure 4. The average pore diameters were automatically
calculated by the software equipped with a gas sorp-
tion analyzer (model Nova-1200, Quantachrome

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN
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Fig. 5 TG and DTG results of coffee residue

Corp.). R30T600H4 predominance of 4.4-nm-diameter
pores indicates that R30T600H4 is a mesoporous car-
bon. Since CAL's maximum pore volume is predomi-
nant ar a pore diameter of 2.4 nm, we consider that
CAL falls in the range between microporous and
mesoporous carbon, It should be noticed that the aver-
age pore diameter of coffce residue is 4.1 nm and pore
volume is as low as around 3.90 x 107 em®/g. Coffee
carbon is microporous since the average pore diam-
eter is around 1.8 nm.

2.3 Thermo gravimetric analysis (TGA)

ZnCl, is adehydrating agent, which may alter the
carbonization behavior of carbonaceous materials, This
may be explained that the presence of ZnCl, alters the
course of reaction in the carbonization so that less of
the objectionable tarry preducts are formed. Zinc chlo-
ride causes hydrogen and oxygen atoms in the source
materials to be stripped away as water rather than as
hydrocarbons or as oxygenated organic compounds.
Therefore, the carbon yield is much higher than that
from physical activation (Hu er al., 2001).

In this study, TGA was used to monitor the course
of carbonization. Figures 5-7 shows the weight loss
(TG) (solid lines) and DTG curves (dotted lines) of
three samples: coffee residue, pure ZnCl, and
R25T600HA4.

Figure 5 shows thermal decomposition behavior
of coffee residue: the first range from 50 to 257°C
presents a little weight toss due to the moisture re-
leased: the next range from 257 to 400°C presents a
significant weight loss due to the volatile released. We
observed that there are two sharp peaks of DTG curve
in the range, from 300 to 400°C. These results sug-
gested that at the temperature higher than 400°C, the
coffee residue was formed as a graphite structure with
fine pores.

Figure 6 shows TG and DTG curves of pure zinc
chloride, A plateau at termperatures below 444°C is the
weight loss due to the release of moisture. At a tem-
perature about 570°C, the weight lost significantly as

VOL. 37 NO. 12 2004
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Fig. 7 TG and DTG results of R25T600H4

shown by a sharp DTG peak. These results suggested
that zinc chloride may be melted at temperatures higher
than 570°C to form a mobile liquid. These decomposi-
tions could take place as described by the below equa-
tion (Hu and Vansant, 1995).

ZnCl,-K,0 — Zn(OH)CI + HCI (1

Figure 7 shows the TG and DTG results of coffee
residue impregnated with ZnCl, at R 2.5 (R25T600H4).
The TG and DTG results of R30T600H4 and
R35T600H4 are almost the same as that of R25T600H4
{daa not shown). ZnCl, added to coffee residue acts
as a dehydrating agent, which may alter the pyrolysis
behavior of carbonaceous materials. As shown in Fig-
ure 7, the weight loss at temperature below 393°C was
gradual and different from that in Figure 5. The weight
loss in this range should be caused by moisture release.
2.4 Chemical characteristics by Fourier transform

infrared (FTIR) spectra

Fourier transform infrared {(FTIR) spectra of cof-
fee residue, coffee carbon, CAL, and coffee-derived
activated carbon (R30T600H4) at 1000—4000 cm™'
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Fig. 8 FTIR spectra of tested samples

wave-lenpgths are shown in Figure 8.

In the spectrum of coffee residue, the band at
3400 cm' could be assigned to the hydroxyl group
{O-H) which is probably the adsorbed water, the
bands at 2922 em! and 2855 cm! are assigned to the
C-H stretching vibration in aromatics, the band at
1746 cm ' is assigned Lo the C=0 stretching vibration
in amides, and the band at [464 ¢t is assigned to the
N-H stretching vibration in amides. In the spectrum
of coffee carbon, there was no band detected. In the
spectrum of CAL, the band at 3400 cm™' could be as-
signed 1o the hydroxyl group (O-H), the band at 1571
cm™! is assigned to the phosphate campound and the
band at 1099 cm™ 10 the silicate compound. In the spec-
trurn of R30T600H4, we detected a main functional
C-H group stretching vibration at 2981 ¢m™'. The
hydrophobicity owing to the C-H functional group af-
fects the adsorption which will be discussed later.

2.5 Adsorptive capacity

The adsorptive capacity of derived activated car-
bons were tested with three adsorbates of different
molecular sizes, i.e. phenol (molecular size = 1.0 nm),
methylene bliue {=1.5 nm) and erythrosine red (=1.9
nm). Commerctal activated carbon, CAL was used to
compare the adsorption efficiency of R30T600H4 since
CAL’s textural characteristics is a mesoporous sample
as confirmed by the pore size distribution in Figure 4.
The adsorption isotherms for phenol, methylene blue
and erythrosine red on R30T600H4 and CAL are shown
in Figures 9-11 respectively. It is obvious that
R30T600I14 is inferior to CAL for the adsorption of
small molecules of phenol and methylene blue, while
the former is superior to the latter for the adsorption
of large molecules of erythrosine red. The Langmuir
isotherm model is employed for a quantitative analy-
sis of adsorptive capacities as shown in Eq. (2).
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Table 3

Parameters of the Langmuir equation for adserption of phenol,

methylene blue and erythrosine red

Carbon sample  Adsorbate Q.. [mglg) K [dm’/mg} .

R30T6O0H4 phenal 6.4 1.9x 10" 0.99

CAL phenol 192.3 0.03 0.99

R30T600H4 methylenc blue 66.7 2.0%x 107 0.98

CAL methylene blue 188.7 0.12 0.99

R30T6GOH4 erythrosine red 2439 2.9 0.98

CAL erythrosine red 196. 1 0.31 0.98
c_ £+ [ with high affinity than that on CAL. The hydrophobic
o o0 _KQM (2) functional group of C—H on the surface of R30T600H4

where C is the equilibriurn conceniration of an adsorb-
ate in a solution [mg/dm’], @ is the equilibrium ad-
sorption [mg/g-adsorbent], Q,, is the maximum adsorp-
tion capacity [mg/g-adsorbent] and K is the Langmuir
constant for a given adsorption system [dm¥mg].

The Langmuir isotherm equation was chosen be-
cause it has been commonly used for model data of
wastewater adsorption treatment systems and espe-
cially for dyes (Martin er al., 2003). The Langmuir
paramelers were determined for both adsorbents and
shown in Table 3. The Langmuir model gave satisfac-
tory correlation coefficients (r* > 0.98) for the adsorb-
ates-activated carbon systems ¢valuated. The adsorp-
tion isotherms fit by Langmuir equation, Eq. (2), with
parameters in Table 3 are plotted on Figures 9-11. The
maximum adsorption capacities of R30T600H4 and
CAL (Q,,} for these adsorbates can quantitatively sup-
port the above-mentioned results. @, of R30T600H4
for phenol and methylene blue are 6.4 and 66.7 mg/
dm?, while those of CAL are 192.3 and 188.7 mg/dm?
respectively. However, @, of R30T600H4 for
erythrosine red is 243.9, while that of CAL is 196.1
mg/dm?.

The adsorptive capacities for pheno! and meth-
ylene blue on R30T600H4 were lower than that of
CAL. This is ascribed to the molecular sizes of phenol
(1.0 nm) and methytene blue (1.5 nm) and the porous
structure of CAL which is superior to R30T600H4 as
shown in Table 2.

However, the adsorptive capacity for erythrosine
red of which molecular size is 1.9 nm on R30T600H4
was slightly higher than that of CAL. Since, the ad-
sorption of erythrosine red was controlled by the
mesoporous content (V_/V.) and most pores of
R30T600H4 are mesoporous. From Table 3 it is ¢lear
that the Langmuir constant, X, for the adsorption of
erythrosine red on R30T600H4 {2.9 dm*/mg) is greater
than that of CAL (0.31 dm*mg). This implies that the
adsorption of erythrosine on R3I0T600H4 is associated

VOL. 37 NO. 12 2004

also supports this evidence. CAL demonstrates an ex-
treme stronger affinity and higher adsorptive capacity
for phenol not only due to its pore size but also the
hydrophilic functional group of O-H on the surface

which has affinity for phencl molecules (Rouquerol et
al., 1999).

Conclusions

The mesoporous activated carbon was derived
from coffee residue by ZnCl, impregnation and acti-
vation of CO,. We obtained, under the condition of R
= 3, activation time 4 h and activation temperature
600°C, an activated carbon with, respectively, a total
surface area, total pore volume, mesoporous surface
area and mesoporous content (¥_/¥.) of 913,50 m¥
g, 1.01 em¥g, 629.13 m¥/g and 92%.

The average pore diameter and pore volume of
coffee-derived activated carbon R30T60GH4 are
4.40 nm and 1.01 cm/g respectively. There are few
pores of which diameter Jarger than 20 nm. This sug-
gests that the activation process (ZnCl, impregnation
and CO, activation) affected the increment of pore
volume and the enlargement of pore width.

The main functional group of R30T600H4 is
mainly the hydrophobic C~H group, whereas those of
CAL are the hydrophobic O-H group,

The derived activated carbon was a mesoporous
structure confirmed by pore size distribution curves.
The adsorptive capacities were compared with com-
mercial activated carbon (CAL). The coffee-derived
activated carbon has the adsorption affinity with large
molecules such as erythrosine red owing to the
mesoporous structure and the hydrophobic surface
chemistry.
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Nomenciature

C = equilibrium concentration of an adsorbate inaso-
lution [mgfdm?®]

D = average pore diameter fnm])

K = isotherm constant {dm*/mg)

P = partial vapor pressure [Pa)

o = adsorbed amount an the adsorbent [mglg)

R = weight ratio of ZnCl, 1o coffee residue [—]

s = pore surface area [mYg]

14 = amount of gas adsorbed on adsorbent [em?/g)

<Subscript>

M = maximum

me = mesopore

mi = micropore

T = total
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ABSTRACT

In this work the inorganic and zeolite-hybrid desiccants were synthesized by the sol-gel method at
room temperature and atmospheric pressure. The sol-gel method leads to the formation of highly cross-
linked and transparent gels. Inorganic salts, i.e., NaCl, KCl, CaCly, ZnCl,, MgCl,, MgSO4 and Mg(Cl104)»
were added to investigate the capacity of water vapor adsorption. It was found that CaCl, gave the best
result. Therefore, CaCl, of 20%, 30% and 40% by weight were varied. The longer the aging time is, the
higher the adsorption efficiency becomes. Subsequently, zeolite (JRC-Z-HY 5.3) of 10%, 20%, 30% and
40% by weight were added to obtain the porosity and strength of the desiccant. The adsorption capacity
of the synthesized desiccant increased with an increase in calcium chloride. From SEM micrographs, the
surfaces of the desicecants adding calcium chloride of 20% and 30% by weight were not smooth and
showed porous structures after adding zeolite. The adsorption capacity of the desiccant adding caleium
chloride and zeolite increased, when the contents of zeolite increased to 40% by weight. The Si0Q;-30-
wt% CaCl,-40-wt% zeolite showed the highest adsorption capacity at 100% RH. The water vapor
adsorption of the Si02-30-wt% CaCl;-40-wt% zeolite at 40%, 60%, 85% and 100 %RH were 32.14%,
54.48%, 74.30% and 96.84 %, respectively.

KEYWORDS

zeolite, desiccant, sol-gel method, adsorption
INTRODUCTION

The desiccant is an important adsorbent in the industries which involve the humidity control of
products, for instance, agricultural seeds, chemical or pharmaceutical products, natural gas, etc. The
adsorbents mostly used in industries are silica gel, alumina gel, activated carbon and zeolite. In Thailand,
some desiccants are imported so they are rather expenstve. Many rescarchers have reported the synthesis
of the adsorbents by sol-gel polymerization. The silica aerogels wete synthesized via the sol-gel
polymerization of tetramethlyorthosilicate (TMOS) by basic conditions and followed by supercritical
drying with carbon dioxide (Tamon, et al, 1997). They found that the aerogels were mesoporous
materials with high surface area. The mesopore can be controlled by changing the NH3/TMOS ratio. In
addition, these aerogels were used to adsorb ethane, ethylene, propane and propylene. The amounts of the
adsorbates adsorbed on the aerogels depended on the NH1/TMOS ratio. The water vapor adsorbents or the
desiccants were also developed by the sol-gel route (Mrowiec-Biaton, et al., 1997 and 1999). Caicium
chloride (CaCl,) was added to the sol-gel materials to improve the water vapor adsorption capacity. They
found that the walter adsorption capacity of S10,-CaCl; sol-gel composites could reach 1 kg of water/kg



of adsorbent, and remained stable during at least one hundred adsorption-desorption cycles. Other
applications of sol-gel technology in coating, corrosion protection, ceramic synthesis and membrane
synthests arc stated (Wright et al., 2001).

In this study, the inorganic and zeolite-hybrid desiccant was synthesized by the sol-gel methed.
The composition of inorganic compound and zeolite which gave the highest water vapor adsorption
capacity was determined. Morcover, the regeneration temperature of the derived desiccant was also
investigated.

MATERIALS AND METHODS

Preparation of silica xecrogels (Si0;) were synthesized by the sol-gel polymenzation of
tetracthylorthosilicate (TEOS). TEOS was diluted by ethanel (EtOH), deionized water (H20) and
hydrochloric acid (HCl). The mixture was then stirred by the magnetic stirrer and hydrolyzed at the
temperature of 30°C for | hour. The malar ratio of TEOS:EtOH:H,0:HCl was 1:4.5:4:8x10™. After
hydrolysis, EtOH and NH4OH at molar ratio of TEQS:EtOH:NHOH =1:4.5:8x10" was added to the
ntixture for condensation. The mixture was further stirred about | minute until the sol became gel. Then,
the gel was aged for 7 days and 30 days at room temperature and dried in hot air oven at the temperature
of 110 °C for 4 hours.

The silica xerogels were upgraded by adding the inorganic compound based on its water vapor
adsorption capacity. The following mnorganic compounds: sedium chloride (NaCl), potassium chloride
(KCH, calcium chloride (CaCly), zine chloride (ZaCly), magnesium chloride (MgCl,), magnesium sulfate
{MgSQOy) and magnesium perchloratc (Mg(ClO4);) were used. The 20%, 30% and 40% by weight (dry
basis) of the inorganic compound with the highest water vapor adsorption capacity was added to the silica
xerogels in the condensation step. The aging times for 7 days and 30 days were also studied.
Subsecquently, zeolite (JRC-Z-11Y5.3) of 10%, 20%, 30% and 40% hy weight {(dry basis) were added.

Adsorption experiment

The synthesized desiceants were used to adsorb water vapor at relative humidity (RH) of 40%,
60%, 85% and 100%. The experiments were done at room temperature in the adsorption chamber in
which a digital balance connected with a computer was used. The weight of the desiccant during the
adsorption process ..as recorded by the Winwedge program unti! the adsorption reached the equilibrium
condition,

Physical characterization

Surface morphologies of the desiccants were investigated by the Scanning Electron Microscopy
(SEM, 1455VP) at B8,000-time magnification. The regeneration temperature of the desiccant was
determined by means of the thermal gravimetric analysis (TGA, ELR 23329C).

RESULTS AND DISCUSSION

The silica xerogel was synthesized by the sol-gel polymerization without adding the inorganic
compound. After 7-day aging, the weight of 510, was about 11.75 % of the initial gel weight. The surface
morphology is shown in Figure 1. The SiO, was used to adsorb the water vapor and found that the water
vapor adsorption was 46.60 %. The adsorption capacity of Si0; was improved by adding the inorganic
compound during the condensation step. The amount of water vapor adsorbed of the inorganic



compounds were shown in Figure 2. From Figure 2, CaCl, has the highest adsorption capacity (ca. 1.6 g
of water/g of CaCl,). Thus, CaCl, was chosen. The inorganic-hybrid desiccants of CaCl, 20%, 30% and
40 % by weight were synthesized. It was found that the gellation time depended on the amount of CaCl,.

Figure 1. The SEM photograph of Si0,.
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Figure 2. The water vapor adsorption capacities of various inorganic compounds.

The SEM micrographs of the inorganic-hybrid desiccants $i0,-20-wt% CaCl,, $i03-30-wit%
CaCl, and Si0,-40-wt% CaCl; were shown in Figures 3-5. [t was observed that the surfaces of the S10,-
20-wt% CaCl; and Si02-30-wt% CaCl, were rougher than that of Si0,. The SiO; inorganic-hybrid
desiccants and commercial silica gel were used to adsorb water vapor at 100 %RH. The adsorption
efficiencies were shown in Figure 6. The increase in CaCl; to the SiQ; can improve the water vapor
adsorption. The highest adsorption value of 85.52% was observed from the 5i0;-40-wt% CaCl,. The
water vapor adsorptions of the inorganic-hybrid desiccants were higher than that of the commercial silica
gel. After the adsorption, the desiccants were determined the rate of water vapor desorption for the
regeneration temperature. From Figure 7 the desorption rate of the commercial siliga gel was much lower
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Figure 3. The SEM photograph of the Figure 4. The SEM photograph of the
S5i0,4-20-wt% CaCl,. Si0;-30-wt% CaCl,.
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Figure 6. The water vapor adsorption efficiencies of the inorganic-hybrid desiccants at 100 % RH.
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Figure 7. The desorption rates of SiO; and Si0;-CaCl,.

than those of the tnorganic-hybrid desiccants. However, the desorption rate of the inorganic-hybrid
desiccants were almost the same. The regeneration temperature slightly increased with the increase in
CaCl,. The regeneration temperatures of the Si0,, $10,-20-wt% CaCl,, $i0;-30-wt% CaCl, and Si0,-40-
wit% CaCl, were 89.15, 104.88, 108.56 and 154.23°C, respectively.

The effect of aging time on the water vapor adsorption of the desiccants is shown in Figure 8. The
adsorption efficiencies of the desiccants with 30-day aging were higher than those of the desiccants with
7-day aging for both S10, and S5i0,-20-wt% CaCl,. Thus, the longer the aging time is, the higher the
adsorption efficiency becomes.
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Figure 8. The water vapor adsorption efficiencies of 8i0; and Si0;-20-wt%CaCl; at aging times of
7 and 30 days.

As found above, the water vapor adsorption of the inorganic-hybrid desiccant increased when
CaCl; increased. However, the S10,-40-wt¥s CaCl; lost the dimensional strength after the water vapor



adsorption reached the equilibrium condition. Thus, the $510,-30-wi% CaCl, was chosen for furtheTr study.
Zeolite (JRC-Z-HY5.3) which has high porosity were added to the inorganic-hybrid desiccant. It is found
that the gellation time increased to more than 30 minutes and the phase separation occurred after adding
the zeolite. The amount of NILOH in the mixture must be increased to reduce the gellation time. The
inorganic and zcolite-hybrid desiccants were white, rigid, brttle and rough crystals. The SEM
micrographs of the $i0:-30-w1% CaCly-10-wt% zeolite, Si0,-30-wi% CaCly-20-wt% zeolite, Si05-30-
wi% CaCl-30-wt% zealite and SiQ2-30-wt% CaCly-40-wt% zeolite were shown in Figures 9-12. The
increase in voids or cavities increased with the amount of zeolite added.
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Figure 9. The SEM photograph of the Figure 10. The SEM photograph of the
Si02-30-wt% CaCly-10-wt% zeolite. S5i0;-30-wt% CaCl,-20-wt % zeolite.
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Figure 11. The SEM photograph of the Figure 12. The SEM photograph of the
5i0:-30-wt% CaCl;-30-wt% zeolite. Si0;-30-wt% CaCl;-40-wt % zeolite.

The water vapor adsorption at 100%RH of the Si0;-30-wt% CaCl; with different amounts of
zeolites are shown in Figure 13. It is found that the adsorption efficiency at the equilibrium condition and
the adsorption rate increased when the contents of zeolite increased. The maximum value of 96.84 % was
obtained from the Si0;-30-w1% CaCl,-40-wt% zeolite, which was higher than that of the Si0,-30-wt%
CaCl; around 27 %. This may be due to the high porosity of zeolite. Figure [4 shows the water vapor
desorption rates. The desorption rates and the reueneration temperatures of each desiccant were not
significantly diffcrent. The regeneration temperature slightly increased with the increase in zeolite. The



regeneration temperatures of the Si0;-30-wt% CaCly-10-wt% zeolite, Si0,-30-wt% CaCl,-20-wt%
zeolite, St0;-30-wt% CaCly-30-wt% zeolite and Si0,-30-wt% CaCly-40-wi% zeolite were 122.94,
126,32, 121.25 and 141.52°C, respectively.

In addition, the effect of the relative humidity on the water vapor adsorption was shown in Figure
15. The water vapor adsorption and the equilibrium time increased with the relative humidity. This was
due to the effect of mass transfer. The high concentration of the water vapor increased the driving force to
diffuse into the pore of the desiccant. The water vapor adsorption of the Si0;-30-wt% CaCl-40-wt%
zeolite at 40%, 60%, 85% and 100 %RH were 32.14%, 54.48%, 74.30% and 96.84 %, respectively.
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Figure 13. The water vapor adsorption efficiencies of $i0;-30-wt% CaCl, with various amounts of
zeolites at 100 %RH.
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Figure 15. The water vapor adsorption efficiencies of Si0;-30-wt% CaCl,-40-wt% zeolite at various
relative humidities.

The amounts of water vapor adsorbed on the SiO;-30-wi% CaCl,-40-wt% zeolite at various
relative pressures (p/pe) were fitted well by Langinuir equation as shown in Figure 16.
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Figure 16. Logarithmic Langmuir equation for water vapor adsorption of 8i0;-30-wt% CaCl;-40-
wt% zeolite.

CONCLUSIONS

The silica xerogels used as the desiccant can be synthesized by sol-gel polymerization using the
TEOS:H,0:EtOH:HC! molar ratio of 1:4.5:4:8x10™. The advantages of sol-gel polymerization are that
the preparation procedures are not complicated and consume low energy. 1'he watcr vapor adsorption of
the desiccant was rather low (ca. 40%). lts capacity was enhanced by adding CaCl; and zeolite. The
appropriate compositions of CaCl, and zeolite were 30% and 40 % by weight (dry basis), respectively.
The Si0,-30-wt% CaClz-40-wt% zeolite has the high porosity and dimensional strength., The highest
water vapor adsorption is 96.84%. The aging time of the desiccant affects the adsorption capacity. The



desiccant with the aging time of 30 days can adsorb water vapor more than the desiccant with aging time
of 7 days.
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ABSTRACT

In this work the inorganic and zeolite-hybrid desiccants were synthesized by the sol-gel method at room
temperature and atmospheric pressure. The sol-gel method leads to the formation of highly cross-linked and
transparent gels. [norganic salts, i.e., NaCl, KCl, CaCl,, ZnCl,, MgCls, MgS0), and Mg(ClQs), were added
lo investigale the capacity of water vapor adsorption. It was found that CaCl, gave the best result.
Therefore, CaCl, of 20%, 30% and 40% by weight were varied. The longer the aging time is, the higher the
adsorption efficiency becomes. Subsequently, zeolite (JRC-Z-HY5.3) of 10%, 20%, 30% and 40% by
weight were added to obtain the porosity and strength of the desiccant. The adsorption capacity of the
synthesized desiceant increased with an increase in calcium chloride. From SEM micrographs, the surfaces
of the desiccants adding calcium chloride of 20% and 30% by weight were not smooth and showed porous
structures afler adding zeolite. The adsorption capacity of the desiceant adding calcium chloride and zeolite
increased, when the contents of zeolite increased to 40% by weight, The Si0,-30-wt% CaCl,-40-wt%
zeolite showed the highest adsorption capacity at t00% RIEI The water vapor adsorption of the $i0.-30-
wi% CaClo-40-wi% zeolite at 40%, 60%, 85% and 100 %RH were 32.14%, 54.48%, 74.30% and 96.84 %,
respectively.

Keywords: Zeolite, Desiceant, Sol-gel method, Adsorption

INTRODUCTION

The desiccant is an important adsorbent in the industries which involve the humidity control of products,
for instance, agricultural seeds, chemical or pharmaceutical products, natural gas, ete. The adsorbents
mostly used in industrics are silica gel, alumina gel, activated carbon and zeolite. In Thailand, some
desiceants are imported so they are rat™er expensive. Many researchers have reported the synthesis of the
adsorbents by sol-gel polymerization. The silica acrogels were synthesized via the sol-gel polymerization of
tetramelhlyorthosilicate (TMOS) by basic conditions and followed by supercritical drying with carbon
dioxide [1]. They found that the agrogels were mesoporous materials with high surface area. The mesopore
can be contralled by changing the NH;/TMOS ratio. In addition, these aerogels were used 10 adsorb ethane,
ethylene, propane and propylene. The amounts of the adsorbates adsorbed on the acrogels depended on the
NH3/TMOS ratio. The water vapor adsorbents or the desiccants were also developed by the sol-gel route
[2-3]. Calcium chloride (CaCly) was added to the sol-gel materials to improve the water vapor adsorption
capacity. They found that the water adsorption capacity of §i0;-CaCl; sol-gel composites could reach 1 kg
of water/kg of adsorbent, and remained stable during at least one hundred adsorption-desorption cycles.
Other applications of sol-gel technology in coating, cofrosion protection, ceramic synthesis and membrane
synthesis are stated [4].

[n this study, the inorganic and zeolite-hybrid desiccant was synthesized by the sol-gel method. The
composition of inorganic compound and zeolite which gave the highest water vapor adserption capacity
was determined. Moreover, the regeneration temperature of the derived desiccant was also investigated.

MATERIALS AND METHODS

Preparation of silica xerogels {Si0:) were synthesized by the sel-gel polymerization of
tetraethylorthasilicate (TEOS). TEOS was diluted by ethanol (EtOH), deienized water (HO) and
hydrochloric acid (HCI). The mixture was then stirred by the magnetic stirrer and hydrolyzed at the
temperature of 50°C for 1 hour. The molar ratio of TEOS:EtOH:H,0:HCl was 1:4.5:4:8x10™. Afler
hydrolysis, EtOH and NH,OH at molar ratio of TEOS:EOH:NH,OH =1:4.5:8x10” was added 1o the
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Fig. 6 The water vapor adsorption efficiencies of the inorganic-hybrid desiccants at 100 %RH,
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Fig. 5 The SEM photograph of the 5i0,-40-wt% CaCl,.
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ThF .u.t'f‘ml:l of z}ging time on the water vapor adsorption of the desiccants is shown in Fig. 8. The adsorption
efficicncies of the desiccants with 30-day aging were higher than those of the desiccants with 7-day aging
for both SiO, and S$i0,-20-w1% CaCl,. Thus, the longer the aging time is, the higher the adsorption
efficiency becomes.

L s oo S =R
.
~ B0 i
2.
5 L
g L
8 60 i
5 L
=]
Lt
=
2 il
g 8i02 30 days i
';:J Si07-(20-w1%CaCl7) 30 days ]
5102 7 days B
S5i02-(20-w1%CaCly) 7 days |
o S IS RS L Y TP NPT T e |
0 200 400 600 800 1000 1200 1400 1600

Time {min)

Fig. 8 The water vapor adsorption efficiencies of $10; and $i0,-20-wt%CaCl,
at aging times of 7 and 30 days.

As found above, the water vapor adsorption of the inorganic-hybrid desiccant increased when Ca(l,
increased. However, the 8i0;-40-wt% CaCl; lost the dimensional strength afier the water vapor adsorption
reached the equilibrium condition. Thus, the 8i0,-30-wt% CaCl; was chosen for further study. Zeolite
(JRC-Z-HY5.3) which has high porosity was added to the inorganic-hybrid desiccant. It is found that the
gellation time increased to more than 30 minutes and the phase separation occurred afier adding the zeolite.
The amount of NH,OH in the mixture must be increased to reduce the gellation time. The inorganic and
zeolite-hybrid desiccants were white, rigid, brittle and rough crystals. The SEM micrographs ..f the SiO,-
30-wi% CaCly-10-wi% zeolite, Si0;-30-wi% CaCly-20-wi% zeolite, Si0,-30-w1% CaCi:-30-wt% zeolite
and $i0;-30-wt% CaCl,-40-wi% zeolite were shown in Figs. 9-12. The increase in voids or cavities
increased with the amount of zeolite added.

The water vapor adsorptions at 100%RH of the Si0;-30-wt% CaCli, with different amounis of zeolites are
shown in Fig. 13. It is found that the adsorption efficiency at the equilibrium condition and the adsorption
rale increased when the contents of zeolite increased. The maximum value of 96.84 % was obtained from
the Si0,-30-wit% CaCl,-40-wt% zeolite, which was higher than that of the S10,-30-wi% CaCl,; around 27
%. This may be due to the high porosity of zeolite. Fig. 14 shows the water vapor desorption rates. The
desorption rates and the regeneration temperatures of cach desiccant were not significantly different. The
regeneration temperature slightly increased with the increase in zeolite. The regeneration temperatures of
the $i0,-30-w1% CaCly-10-wi% zeolite, $i0;-30-wi1% CaCl;-20-w1% zeolite, S5i0;-30-wi% CaCl-30-wit%
zeolite and $105-30-wt% CaCl,-40-wi% zeolite were 122,94, 126.32, 121.25 and 141.52°C, respectively.

In addition, the effect of the relative humidity on the water vapor adsorption was shown in Fig. 15. The
water vapor adsorption and the equilibrium time increased with the relative humidity. This was due to the
effect of mass transter. The high concentration of the water vapor increased the driving force to diffuse into
the pore of the desiccant. The water vapor adsorption of the §i0,-30-wt% CaCl,-40-wt% zeolite at 40%,
60%, 85% and 100 %R were 32.14%, 54.48%, 74.30% and 96.84 %, respectively.

The amounts of water vapor adsorbed on the S10.-30-wt% CaCl;-40-wi% zeolite at various relative
pressures (p/py) were fitted well by Langmuir equation as shown in Fig. 16.
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Fig. 9 The SEM photograph of the Fig. 10 The SEM photograph of the
Si0,-30-w1%CaCl,-10-wt% zeolite. S10,-30-w1%CaCl.-20-wi% zeolite.

Fig. 11.The SEM photograph of the Fig. 12 The SEM photograph of the
S105-30-w1%CaCl,-30-wi% zeolite. S105-30-wi%CaCl,-40-wi% zeolite.
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CONCLUSIONS

The silica xerogels used as the desiccanrt can be synthesized by sol-gel polymerization using the
TEOS:H,0:EtOH:HCI molar ratio of 1:4.5:4:8x10, The advantages of sol-gel polymerization are that the
preparation procedurcs are not complicated and consume low energy. The water vapor adsorption of the
desiccant was rather low (ca. 46%). Its capacity was enhanced by adding CaCl; and zeolite. The appropriate
compositions of CaCl; and zeolite were 30% and 40 % by weight (dry basis), respectively. The Si0,-30-
wi% CaCl,-40-wi% zeolite has the high porosity and dimensional strength. The highest water vapor
adsorption is 96.84%. The aging time of the desiccant affects the adsorption capacity. The desiccant with
the aging time of 30 days can adsorb water vapor more than the desiccant with aging time of 7 days.
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ABSTRACT

Raw hide split was hydrolysed scparately by two proteolytic emzymes, papain and
neutrase. The effects of enzymatic conditions of the hydrolysis reaction were investigated.
During the first 10 minutes of the enzymatic hydrolysis, the yicld of the hydrolysed protein
increased sharply, then it slowly increased or beccame essentially constant due to the limited
availability of the substrate. The optimum hydrolysis conditions of papain and neutrase for
highest protein yield are at 70°C, pH 6-7 and 40-50°C, pH 6-7, respectively. The product
from papain hydrolysis is a gelatin with low gel strength and viscosity, which may be
suitable as coating media application, while that from neutrase hydrolysis is collagen
hydrolysate with viscosity as low as water. This is considered to indicate different
mechanisms of papain and neutrase hydrolysis. Papain might be considered to mainly attack
intermolecular crosslinks of collagen thereby resulting in gelatin. In contrast neutrase tends
to attack intramolecular crosslinks of collagen thereby resulting in collagen hydrolvsate,

which could not form gel.



1. INTRODUCTION

Raw hide is the treated split of large animal (after fleshing) such as cow and buffalo.
[t is composed of a large amount of structural fibrous proteins called collagen. In the gelatin
manufacturing industry, the major source of raw material comes from the tannery industry.
The typical process of gelatin production can be classified into two methods: the acid process
and the liming process. The acid process uses acid solution to hydrolyse collagen and the
obtained product is called type A gelatin. Typical raw materials for this method are pigskins
and the processing duration is around 10-45 hours. On the contrary, alkaline or lime is used
to hydrolyse protein in the liming process yielding type B gelatin. Bones and hides are
typical raw materials in the liming process that usually takes around 30-100 days. These two
typical gelatin production processes have several disadvantages, especially large amount of

wastes generated and the type limitation of raw materials.

[n the early 1900s, a new method that applied enzyme to hydrolyse collagen was
developed and since then several studies on the enzymatic hydrolysis of various collagen
sources have been reported [1-11]. Comparing with the liming and acid processes, the
enzymatic process has several advantages such as the reduction of processing time and
wastes. n addition, it can accommodate all sources of collagen such as fish scale, horn, hoof.

feather waste, and animal bone.

In this work, papain found in carica papaya and neutrase were employed to hydrolyse
raw hide collagen and the results compared. The effects of enzymatic conditions on the yield

and the properties of recovered protein from the hydrolysis of raw hide were investigated.



2. MATERIALS AND METHODS
2.1 Materials

Obtained from a local tanning factory, dried raw hide (limed split) was ground to an
average size not exceeding 1.18 mm (mesh number 16). The protemn and fat contents in raw
hide were around 73.4-74 3% and 9.1-11.9%, respectively. Papain (0.5) unit/mg) from carica
papaya was supplied by Fluka while ncutrase (0.8 Au/g) was supplied by Novo Nordisk.
2.2 Enzyme activity assay

The test method was modified from the assay of endo-protease using Azo-casein.
Enzyme activity was determined as the release of Trichloreacetic acid (TCA) soluble after
20-minute incubation with Azo-casein substrate (0.2% w/v). Blank tests were prepared by
adding the TCA to the substrate solution immediately before enzyme was added. The
solution was centrifuged at 3000 rpm for 20 minutes and the liquid phase was then taken to
determing the absorbance of the UV spectrum at the wavelength of 440 nm. One activity unit
(U) corresponds to the change of 0.1 in absorbance (0.1 of changed absorbance is equivalent
to | U).
2.3 Enzymatic hydrolysis

The hydrolysis reaction was carried out in a reactor at various temperature and pH.
The ratio of raw hide to buffer solution was fixed at 1:4. From our unpublished work, the
optimum weight ratios of enzyme to raw hide used were 0.15:100 for papain and 0.075:100
for neutrase. After the temperature of hide slurry reached the desired hydrolysis temperature,
the enzyme solution was added and stirred at 75 rpm. Samples were collected at [0, 20, 40,
60 and 90 minutes, respectively. The collected samples were rapidly heated to 90°C for 15

minutes to deactivate the enzyme. The sample was centrifuged for 15 minutes before



filtration. The protein composition of the filtered solution was determined by Lowry's
method. The solution was dried at 60°C for 10 hours.
2.4 Gel strength and viscosity determination

The methods of gel strength and viscosily determination were modified from the
British Standard (BS EN IS0 9665:200). A 12.5% (w/w) gelatin solution was prepared and
held at 50°C for 30 minutes. It was then kept at 4°C for 16-18 hours prior to the gel strength
measurement. The type of the plunger used for measuring the force was hemispheric (P/0.5
HS, Stable micro systems). To determine the viscosity, the solution was further heated and
held at 60°C for 30 minutes prior to the test. The type of rheometer head used was Z1 DIN

(double gap, Parr Physica).

3. RESULTS AND DISCUSSION
3.1 Papain
Gelatin Recovery from papain hydrolysis

The effects of enzymatic conditions (temperature, pli and time) on the yield and
properties of gelatin were reported. To study the effects of temperature on gelatin recovery,
the hydrolysis temperature was varied in the range of 50-70°C at each fixed pH (6-8). Figure
1 depicts the percentage of gelatin recovery from papain hydrolysis at pH 6.

Considering each gelatin recovery isotherm, one notices that at the beginning of the
hydrolysis reaction, the percentage of gelatin recovery increased sharply up to about 6
minutes, then started to taper off. This might be attributed to several factors such as enzyme
deactivation, depletion of protein substrate and product inhibition. Additional experiments

were carried out to verify each factor. The activity of papain from a blank reaction (without



raw hide) at 70°C, pH 6 was determined in order to evaluate the stability of papain activity.
The results on the relative activity of papain were illustrated in Figure 2. It could be noticed
that papain activity was stable during the first 20 mintues. After that, the activity decreased
by 1.25% and 6.88% during the periods of 20 to 40 minutes and 40 to 50 minutes,
respectively. Evidently, the remarkably slow increase in gelatin recovery after the first 6
mintues was not caused by the deactivation of enzyme.

To clarify the second factor, a test was performed in which raw hide substrate was
added to the reactor 10 minutes after the start of hydrolysis reaction. The gelatin recovery
was compared with the normal hydrolysis (no substrate added) in Figure 3. Upon addition of
the substrate, it can be seen that the percentage of gelatin recovery suddenly dropped. This
was because of the raised concentration of the substrate. If the substrate concentration was
the factor controlling the hydrolysis rate, the percentage of gelatin recovery should increase
more rapidly than the case of no substrate addition as the reaction proceeded. This
phenomenon was observed in Figure 3. So the depletion of the low-concentration protein
substrate was found to be the main factor limiting the gelatin recovery. The third factor on
product nhibition was also tested by diluting the product concentration in the hydrolysis
reaction. However, no significant change in the percentage of gelatin recovery could be
observed. Thus the effect of product inhibition was ruled out. Our results corresponded with
the work reported by Guerard et al [2] on the enzymatic hydrolysis of proteins from
yellowfin tuna wastes using Alcalase. They have shown that the hydrolysis curve downward
tendency could mainly be attributed to a decrease in the concentration of peptide bonds

available for hydrolysis, not a decrease in enzyme activity or product inhibition.



When varying the temperature (50-70°C) of the papain hydrolysis reaction at pH 6
(Figure 1), it was found that at the beginning of reaction (within 6 minutes) the percentages
of gelatin recovery at 50°C, 60°C and 70°C were essentially equal. As the hydrolysis time
proceeded beyond 6 minutes, the percentages of gelatin recovery at 70°C were highest and
the percentages of gelatin recovery at 50°C were lowest. When the hydrolysis time exceeded
60 minutes, the gelatin recovery at 70°C became constant at around 85% but the gelatin
recovery at 60°C and 50°C still slowly increased, moving closer to the one at 70°C. In other
words, the higher the enzyme hydrolysis temperature, the higher the gelatin recovery
observed. This resulted from the high activity of papain at pH 6, 70°C. However, the initial
effect of enzyme hydrolysis temperature could not be differentiated during the first 6
minutes, possibly due to the fat content in the raw hide structure that inhibited the binding of
the active sites of the enzyme with peptide bonds.

In this work the enzyme hydrolysis reaction was carried out at sufficiently high
temperature to cause thermal hydrolysis of collagen. Therefore the observed gelatin recovery
consisted of contributions from both enzymatic and thermal hydrolysis. To clarify the
influence of the latter, raw hide was isothermally hydrolysed at pH 6. From Figure 1, we note
that during the initial period of thermal hydrolysis, varying the temperature had no effect on
the gelatin recovery. After the first 10 minutes, the percentages of gelatin recovery at 50°C
and 60°C became essentially constant but the percentage of gelatin recovery at 70°C
gradually increased. After 60 minutes, it is evident that the gelatin recovery at 70°C was
significantly higher than those at 60°C and 50°C while the gelatin recovery at 60°C was
slightly higher than that at 50°C. This was because the structure of collagen molecules in

muscles remains relatively stable due to the crystallization energy of the triple helix until the



temperature reaches 64°C, above which the triple helix begins to break down [12]. The
results on thermal hydrolysis corresponded with the work on thermal hydrolysis of deboned
turkey residue by Linus er al. [13].

Figure 4 shows the actual gelatin recovery solely from the enzymatic hydrolysis.
Obviously, after the first 10 minutes, the gelatin recovery solely from the enzymatic
hydrolysis at 70°C started to slightly decrease while those at 60°C and 50°C remained
constant. This was due to the influence of the high accumulation of gelatin recovery from
thermal hydrolysis at 70°C comparing to at 60°C and 50°C.

The gelatin recovery from papain hydrolysis reaction at various temperatures,
constant pH 7 and 8 was presented in Figure 5 and 6, respectively. Similar to the gelatin
recovery at pH 6, the percentages of gelatin recovery at 70°C were higher than the one at
60°C and 50°C. At pH 8, the gelatin recovery at $0°C was not measured since the hydrolysis
reaction was extremely stow.

In short, the optimum temperature for highest gelatin recovery was 70°C, which
unsurprisingly is the optimum working temperature for papain. The effects of pH (from 5 to
8) on the gelatin recovery at 70°C were compared in Figure 7. The results showed that the
initial rates of gelatin recovery (within 10 minutes) at pH 6 and pH 7 were equal and higher
than those at pH 5 and pH 8. After the first 10 minutes, the percentage of gelatin recovery at
pH 6 and pH 7 was gradually increased with the same trend until the maximum gelatin
recovery at the hydrolysis time of 90 minutes (=80 %) was reached. After 90 minutes of
reaction, the gelatin recovery increased very slowly (= 1-2% per hour) so the reaction was
terminated after 90 minutes. Obviously the optimum pH of papain hydrolysis reaction at

70°C was pH 6-7.



Properties of gelatin from papain hydrolysis

The viscosity and gel strength of the gelatin obtained from papain hydrolysis at 70°C,
various pH’s and hydrolysis times were presented in Table 1. It can be seen that as the
hydrolysis pH was increased, the viscosity and gel strength of gelatin followed suit.
Considering the properties of gelatin obtained after 10 minutes and 90 minutes of hydrolyss,
one observes that the gel strength of gelatin obtained after 90 minutes were higher than those
after 10 minutes. The fow gel strength of the gelatin obtained after 10 minutes of hydrolysis
indicated that, though randomly severed peptide chains of the gelatin resulted from
enzymatic hydrolysis, their chain lengths and characteristics were quite different from those
obtained after 90 minutes of hydrolysis. A much longer hydrolysis time means that more
severe shortening of the peptide chains resulted in nearly uniform lengths, thereby allowing
better physical crosslinks of the gelatin as well as higher gel strength.

Since the effect of hydrolysis temperature on the gelatin properties was not
significant, the results were omitted.

When the results on the gelatin property were compared with respect to the gelatin
recovery in Table 1, it is observed that the property of gelatin obtained from a hydrolysis
batch with lower protein recovery was better than the one from a batch with higher recovery.
At the optimal hydrolysis temperature (70°C), the property of gelatin obtained at pH 8 (lower
activity of papain) was better than the one obtained at pH 6 and pH 7 (higher activity of
papain). The gelatin obtained after 90 minutes of hydrolysis at pH & showed the highest

viscosity and gel strength.



3.2 Neutrase

The effect of cnzymatic conditions on raw hide hydrolysis using neutrase was also
investigated. It was found that the protein recovery pattern in the case of neutrase was the
same as that of papain, i.e. the initial recovery sharply increased, after which the recovery
only slightly increased or reached an asymptote due to the low concentration of the raw hide
substrate. The highest protein recovery was observed at around 83-85% when the hydrolysis
temperature and pH yielded the highest neutrase activity (40-50°C and pH 6-7). An example
of the protein recovery from neutrase hydrolysis at 40°C and various pH’s is depicted in
Figure 8.

When the properties of the recovered protein were investigated, it was found that the
recovered protein could not form gel whereas the solution viscosities lay in the range of

1.5x10° to 3x10” Pas. It was suspected that the recovered protein was in hydrolysate form

and additional experiments were carried out using a lesser amount of neutrase (0.025-0.05g)
to hydrolyse the raw hide at the optimal hydrolysis conditions. The observed percentage and
gelation of the recovered protein were summartzed in Table 2. It is surprising that the 12.5%
protein solution could not form gel even after reducing the amount of neutrase down 1o
0.025g, thereby obtaining a protein recovery as low as 30%. This implied that the recovered
protein from neutrase hydrolysis of raw hide was in the hydrolysate form for all hydrolysis
conditions and all ratios of enzyme to raw hide (0.025-0.075:100). This might be ascribed to
the specific attack of neutrase on collagen molecules. The degradation of collagen by
metalloprotease such as neutrase reportedly starts from the exterior. The enzyme binds
tightly to a triple helix at the surface, and molecules in the interior become accessible to the

enzyme only in the course of the progressive degradation from the outside. After the triple



helix is cracked, its primary fragments are cleaved into small peptides and amino acids {14].
In other words, the neutrase specifically destroyed the intramolecular erosslinks of collagen.
So the chain lengths of protein recovered from neutrase hydrolysis were very short, i.e. it was
in the hydrolysate form and gelation could not occur. This corresponds to the work of Taylor
et al.[8], in which they used various enzymes, including neutrase, in the enzymatic treatment

of offal from fleshing machines to produce protein hydrolysate.

3.3 Comparison of papain and neutrase hydrolysis

Table 3 compares the activity of papain and neutrase in the hydrolysis of raw hide
and the property of the recovered protein. Obviously the total activity of papain was much
higher than that of neutrase. Unlike the recovered gelatin from papain' hydrolysis, at the
conditions for maximum enzyme activity, the recovered protein from neutrase hydrolysis
cannot form gel. This strongly suggests different mechanisms of papain and neutrase
hydrolysis. Papain is considered to attack the intermolecular crosslinks of collagen and the
severed peptide chains were relatively long enough and might still be in the helix or beta
sheet form. Sol-gel transition of the protein solution could also occur. In contrast, neutrase is
believed to attack the intramolecular crosslinks of collagen. The resulting short peptide
chains of collagen hydrolysate could not form gel. In other words, papatn could be used to
produce gelatin with low gel strength and viscosity suitable for media coating application,
whereas neutrase was morc suitable for the production of protein or collagen hydrolysate

from raw hide.



4. CONCLUSIONS

The percentage of protein recovery from raw hide at the beginning of enzymatic
hydrolysis increased sharply up to the first 10 minutes, then it started to increase only slightiy
due to the low initial concentration of the subsirate. The optimum working conditions of
papain and neutrase for highest protein recovery are at 70°C, pH 6-7 and 40-50°C, pH 6-7,
respectively. The product of recovered protein from papain hydrolysis is a gelatin with low
gel strength and viscosity, while that from neutrase hydrolysis is collagen hydrolysate with
water-like viscosity. Different mechanisms of papain and neutrase hydrolysis are proposed.
Papain might specifically attack the intermolecular crosslinks while neutrase tends to attack
intramolecular crosslinks of collagen. Future study will be focused on the design and control
of the properties of the recovered protein using the “right mix™ of papain and neutrase in raw

hide hydrolysis.



