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Abstract—A series of activated carbons has been prepared from the waste seed husks of the tropical
multi-purpose tree Moringa oleifera, using a single-stage steam pyrolysis activation. Carbons were
characterised by N, adsorption, CHN analysis and scanning electron microscopy. Nitrogen adsorption
isotherms were analysed by the BET, t-plot and Horvith and Kawazoe methods. All the carbons were
microporous, with those activated at 750°C for 120 minutes (750/120) and 800°C for 30 or 60 minutes
having the highest BET surface areas, of 730, 713 and 774 m? g™ !, respectively. A simple acid rinse of
the 800°C/30 minutes carbon increased the surface area to 932m?g~!. The 800/60 carbon had the
highest mesopore and macropore surface area, 135.7m? g™!, compared to 92.7m*g"" for the 800/30
carbon. Scanning electron micrographs of the 800/30 carbon showed a lignocellulosic macropore
structure, cleaned by the steam pyrolysis.

These results show that it is possible to produce a high quality microporous activated carbon from
M. oleifera husks using a simple single-stage steam pyrolysis activation. © 1997 Elsevier Science Ltd
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1. INTRODUCTION

The characterisation of carbonaceous porous solids
(active carbons, chars and composites) produced
from agricultural by-products has been an established
and productive field within carbon research for many
years [1-4]. Our recent efforts have focused on the
preparation of activated carbon from the tree
Moringa oleifera for water treatment in those devel-
oping countries where the plant is grown [5-7].
Moringa oleifera is a perfect example of a so-called
“multipurpose tree”; it grows quickly in dry condi-
tions, its green pods are edible (“Drumstick” in
India), its seeds both contain a good-quality vegetable
oil, and can be used as a coagulant to replace
conventional coagulants in drinking water treatment
[8,9]. In addition, many parts of the plant have
traditional medicinal uses [8]. The seed husks and
pods left over from the production of the vegetable
oil and coagulant are currently waste products, but
we have demonstrated that steam activation of the
husk material can produce a high quality, micro-
porous carbon [5]. Our initial research used a two-
stage production process, carbonisation under N, at
485°C, followed by physical activation under steam
at 850°C. We now report an improved preparative
strategy aimed at a much cheaper activated carbon
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product, and one that avoids the expense of exces-
sive heating.

Previous workers [1] have reported that a single-
stage steam pyrolysis activation procedure can yield
high quality carbons, and our initial research on the
production of carbon from M. oleifera by this method
has also shown promising results [6,7]. The work
described in this paper examines the physico-chemical
characteristics of carbons produced under steam at
700, 750 and 800°C, with a view to identifying the
optimum process characteristics for production of
low-cost activated carbon. The adsorption of chemi-
cals from aqueous solution by these carbons is
described elsewhere [7].

2. MATERIALS AND METHODS

2.1 Materials

M. oleifera husks were obtained from Malawi,
where they had been produced as a waste product
from the production of M. oleifera seed. Because of
the nature of the seed-husk separation process, this
husk material also contained a small amount of seed
material, and was not of an even particle size, varying
between powder and particles several mm in
dimensions.



1040 A. M. WARHURST ef al.

2.2 Carbonisationjactivation of husks

Carbonisation of M. oleifera husks was performed
in a Carbolite 12/65 tube furnace, containing a
purpose-made quartz tube (Multi-Lab, Newcastle,
U.K.), connected to Quickfit connections at one end,
and a ball and cup joint at the other, allowing flow-
through of steam [7]. Charges of 30 g of M. oleifera
husks were placed in a quartz boat positioned in the
centre of the furnace, and were heated at a fixed rate
of approximately 20°C min~! to the appropriate tem-
perature, and held at this temperature (+10°C) for
the time specified, e.g. carbon S800/30 was heated to
800°C for 30 minutes under steam. After the furnace
had cooled to between 200 and 300°C, the carbonised
husks were removed, allowed to cool in air for a few
minutes and then weighed to determine the yield.
The carbon was then moved to a desiccator for
storage. Carbons, duplicated for each set of temper-
ature and time, were later mixed, homogenised and
sieved to <250 um, dried in an oven at 110°C
overnight, then stored in a desiccator over silica gel.

Carbons were not rinsed to remove ash, except in
the case of S800/30r (“r”, denoting rinsed). Rinsing
of S800/30r was done after sieving; the carbon was
mixed with 100 cm® of 1M HCl, stirred for 15 min-
utes, then filtered off using Whatman No. 542 filter
paper, on which it was washed with 500 cm® of
distilled water, then dried in an oven at 110°C
overnight. The mass of the carbon was recorded
before and after rinsing.

2.3 CHN microanalysis

CHN microanalysis was performed using a
Perkin—Elmer 2400 CHN Elemental Analyzer with
standards of cyclohexanone-2,4-dinitrophenylhy-
drazone (Elemental Microanalysis Ltd, U.K.) and
acetanilide (Fisons, U.K.).

2.4 N, - gaseous adsorption analysis of carbons
Adsorption/desorption isotherms were determined
for the activated carbons using an Omnisorp 100
(Coulter Electronics Ltd, Northwell Drive, Luton)
with nitrogen (N,) as the adsorbate at liquid nitrogen
temperatures. Representative samples (typically
0.25g) were degassed to a residual pressure of
2x 107 % Torr by heating at 250°C for eight hours.
This degassing protocol has been established as
appropriate for the preparation of reproducible gas
adsorption isotherms from carbon samples, based
upon literature information [10,11] and extensive
carbonaceous sample analysis work within the Centre
for Environmental Control and Waste Management.
The Omnisorp can be operated in either “con-
tinuous mode” or “static mode”, the advantages and
disadvantages of each mode have been discussed
elsewhere [12]. The traditional “‘static mode” allows
equilibrium to become established before further
addition of N,. In “continuous mode”, which was
originally developed for gravimetric adsorption tech-
niques by Rouquerol and co-workers [13] the rate

of N, entry into the sample holder is regulated by a
mass flow controller and it is assumed that this rate
of adsorbate flow is sufficiently slow that quasi-
equilibrium always exists between the adsorbate and
adsorbent, enabling the rapid collection of up to
2000 data points per adsorption-desorption iso-
therm, the principles, development and validity of
this technique have been discussed elsewhere [14,15].
For the analyses reported in this paper, the con-
tinuous mode of operation was used with a calibrated
flow rate of ~0.27 m! min~ ! with an adsorption cut-
off p/p° of 0.95.

The adsorption—desorption isotherms measured
were interpreted by application of the well-established
BET method for surface area calculation [16], using
a nitrogen molecule surface area of 0.162 nm?2. The
micropore volume and surface area attributable to
the meso and macropores were calculated by applica-
tion of the t-plot method of Lippens and de Boer to
the adsorption data [17]. The micropore-size distribu-
tion for the carbons was established by the method
of Horvath and Kawazoe [18]. The theory and
application of these interpretative methods used in
this research have been discussed elsewhere [19-22].
Isotherms were already available for a commercial
steam-activated peat-based carbon, Norit SA4, and
a carbon produced from M. oleifera husk by a two-
stage carbonisation—activation process [23]. These
isotherms were re-analysed for this work.

2.5 Scanning electron microscopy

Oven-dried carbon samples were scattered on adhe-
sive carbon disks, which were then mounted on
aluminium microstubs. The samples were gold sputter
coated for 5 minutes (Emscope, U.K.), then exam-
ined at various magnifications on a Cambridge
Stereoscan 250 scanning electron microscope, operat-
ing at 7.5 kV. Representative portions of the surface
were photographed on monochrome paper.

3. RESULTS AND DISCUSSION

3.1 Yield and CHN analysis

Our results demonstrated steam pyrolysis activa-
tion to be a reproducible process, with little variation
in yields between experimental runs (Table1). As
expected, as temperature and dwell times were
increased, yields were reduced [24]; an attempt was
made to make an S800/120 carbon, but only ash was
produced.

The results of the CHN analysis (Table 1) show
that all the steam pyrolysed carbons were enriched
in carbon as compared with the raw husks. The C/H
quotient can tentatively be used as a measure of
the “‘aromaticity” of the carbon, which would be
expected to increase as burn-off increases. However,
interpretation of the quotient is difficult due to the
increasing percentage of non-CHN components as
burn-off increases, to a maximum of 41% w/w in the
S800/60 carbon. This component is mainly ash, but
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Table 1. Results from CHN analysis
Overall yield H N Not CHN C/H
Sample (%w/w) (s.d., 1) C(%ew/w) (%ow/w) (%w/w) (%ow/w) quotient
§700,/120 17.3(+04, 2) 73.8 1.3 2.6 223 55.9
S750/30 16.6 (£0.2,7) 75.7 1.3 23 20.7 60.6
§750/60 15.1 (£0.1, 2) 71.8 1.3 2.0 248 55.3
8750/120 11.9 (£04,9) 65.4 1.0 1.6 32.0 66.1
S800/30 12.2 (£0.2, 1) 67.4 1.0 1.5 30.1 65.4
S800/30r 9.0 87.3 1.3 1.9 9.5 68.2
$800,/60 9.0(£03,5) 56.8 1.2 1.0 41.1 48.5
Results below from [5]
Raw husk - 46.9 7.1 3.0 431 6.6
Carbonised 485/30 27.6 75.2 29 1.4 20.5 25.7
Activated S850/5 9.6 82.4 1.5 14.6 1.6 56.8

will also include any O in the carbon. Most of this
ash is removable by acid washing, as is shown by
both the analysis of S800/30r, and the activated
S850/5 carbon from the earlier work, which was also
acid washed [5].

3.2 N, adsorption

The adsorption—desorption isotherms for the M.
oleifera samples and Norit SA4 are shown in Fig. 1.
The isotherm changes from a type I with a character-
istic H4 hysteresis loop for carbon S700/120 to a
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Fig. 1. Adsorption isotherms for N2 on the steam activated M. ofeifera husk carbons.
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Table 2. Results from N, isothermal analysis

BET p/p° BET surface Mesopore and macropore ~ BET “¢” Micropore
Sample range area (m?g~') surface area (m? g~ ")(t-plot)  value BET +  volume (cm® g™ ")
$700/120 0.005-0.06 549 55 3100 1.00 0.20
§750/30 0.005-0.05 605 62 2830 1.00 0.21
§750/60 0.005-0.07 637 76 2790 1.00 0.22
S$750/120 0.005-0.1 730 112 1920 0.99 0.25
S800/30 0.004-0.08 713 93 1740 1.00 0.25
S800/30r 0.005-0.08 932 119 1470 1.00 0.33
S800/60 0.005-0.1 774 136 800 1.00 0.26
N, 485/30,S850/5 [1]  0.005-0.074 739 7 2270 1.00 0.29
Norit SA4 [5] 0.005--0.11 716 126 1600 0.99 0.25

type IV isotherm exhibiting a borderline type H3/H4
hysteresis loop for carbon S800/30r. However, given
the observed microporous nature of all the M. oleifera
carbons (Table 2), the later isotherms are probably
of the mixed type I/type IV as discussed by Sing
[25]. The commercial carbon, Norit SA4, exhibits a
classical type IV isotherm with H3 hysteresis loop
and has the highest pore volume of all the samples
up to the p/p® =0.95 cut-off point. The extent of the
hysteresis loop suggests that this carbon possesses a
greater volume of mesopores than the M. oleifera
carbons, but the nature of this loop (H3) does not
make it amenable to a Kelvin equation based meso-
pores size distribution analysis [26]. The acid rinsed
sample S800/30r possessed the highest microporous
surface area and volume of all the M. oleifera car-
bons, mainly because the removal of the ash compo-
nent reduces the mass of non-adsorptive material. It
is also notable that the BET linear p/p° range for the
M. oleifera carbons is very short (Table 1) which is
further evidence for the presence of microporosity.
The BET ¢ value is often quoted as providing a
suitable guide to the applicability of the BET method
with values greater than 150, as in this case, implying
that the method is not wholly reliable [20,26,27].
The decrease in the ¢ value with burn-off (compare
Tables 1 and 2) and the simultaneous broadening of
the “knee” of the isotherms both imply a reduction
in the micropore distribution of the samples with
greater activation [28].

The t-plot data (Table 2), demonstrates increasing
mesoporosity and macroporosity with increasing
burn-off, with a maximum of 136 m? g~! in S800/60.
This method, however, relies on the BET equation
[20] so is probably not entirely reliable in this case.

Figure 2 shows the micropore size distribution of
the carbons determined by the Horvath and Kawazoe
method. The $700/120 sample has the highest distri-
bution function of all the samples (dW/dr=16 at
0.61 nm pore diameter) and the N485/30, S850/5
sample [5] has the lowest d W/dr value (=7.0 centred
at a pore diameter of ~0.54 nm). The 750°C samples
(Fig. 2(a)) show clearly the effect of increased resi-
dence time upon the pore distributions, with a steady
fall in the value of the dW/dr value from 14 to 10
with increased burn-off. The higher activation tem-
perature used for these samples has also resulted in

a decrease in the effective pore diameter, correspond-
ing to the change in position of the d W/dr maximum.
The S800/30 and S750/120 samples exhibit almost
identical micropore size distributions (Fig. 2(b)), but
the acid rinsed S800/30r shows an increase in the
intensity of the dW/dr value from 10 to 11 and a
shift in its effective pore diameter to approximately
0.61 nm when compared to the unwashed sample.
This suggests that the observed narrowing of the
micropores with increase temperature and residence
time may be partially due to the formation of ash
and activation residues in the pores. This conclusion
is further supported by the increased micropore sur-
face area and micropore volume in sample S800/30r
compared to S800/30 (Table 2) and our inability to
prepare sample S800/120, which only produced an
ash residue.

The Horvath and Kawazoe method is only valid
for micropores of width between 0.35-1.4 nm, and
has been described as idealised and simplistic, but
nevertheless it is useful for micropore analysis, as the
physical validity of the more traditional Kelvin equa-
tion based model breaks down at pore radii of 3.6 nm
[11,29]. It is, however, disconcerting that the model
tends to produce distributions which clusters in a
relatively narrow pore width range, between 0.54 and
0.7 nm [21,29,30], as in this work.

In spite of the deficiencies of the models used in
analysing the N, adsorption data, the results clearly
mirror the burn-off and chemical composition data,
and are a useful method of comparing the porous
characteristics of the different M. oleifera carbons.

3.3 Scanning electron microscopy

The scanning electron micrographs of carbon
S800/30 suggest a very open, ordered macropore
structure, presumably derived from the lignocellulosic
structure of the husk material (Figs 3(a) and (b)).
Previous work has shown that the shape and distribu-
tion of carbon pores is very dependent upon the
structural characteristics of the precursor material,
and tends to be unaffected by the thermal processing,
only really undergoing a contraction and twisting as
carbonisation occurs [25,31,32].

3.4 Practical relevance
1t is clear from these results that the S800 carbons
have the optimum surface areas for the minimum
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Fig. 2. Horvath-Kawazoe plots of the micropore distribution in the M. oleifera carbons.

energy expenditure, provided it is reasonably assumed
that less energy is expended heating the husks to
800°C for 30 minutes than 750°C for 120 minutes.
The S800/30 carbon is produced with a 40% w/w
higher yield than the S800/60 carbon, whilst only

having a slightly lower micropore volume, so the
$800/30 carbon is probably the best for use in
applications where adsorption of small molecules is
important. However, the S800/60 carbon has a much
higher mesopore and macropore surface area than
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Fig. 3. Scanning electron micrographs of a representative particle of carbon S800/30.
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the S800/30 carbon, so could be substantially better
in applications where the removal of larger dimension
species is important, such as the removal of microcys-
tin algal toxins from water supplies, which requires
adsorbents with high mesopore volume [33].

4. CONCLUSIONS

The single-stage steam pyrolysis process is clearly
an effective way of creating activated carbons. It has
been shown that the structure of lignocellulosic mate-
rials is the main factor determining the nature of the
activated carbon produced from them [34,35], and
the results given here demonstrate that the structure
of M. oleifera husks is well suited to the production
of highly microporous activated carbons, with surface
areas of between 549 and 931 m? g, comparable to
the peat-based, steam activated commercial carbon
Norit SA4. In addition, the open pore structure of
this carbon will allow maximum penetration of adsor-
bates, providing easy transport to the mesopores and
micropores.

We are now developing production of this carbon
in Malawi in conjunction with the University of
Malawi, and, in association with the University of
Leicester, U.K., business plans for the growth and
utilisation of Moringa oleifera are being developed.
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