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Abstract
The production of oxalic acid from sawdust using a mixture of strong nitric acid and concentrated sulphuric acid with 
coal fly ash as a catalyst has been explored. Operating parameters affecting the reaction were determined to be tem-
perature, mesh size and amount of fly ash catalyst, time and the HNO3 ∶ H2SO4 ratio. A maximum oxalic acid yield of 84% 
was obtained using a mixture of 60% HNO3 and 40% H2SO4 at 70 °C and a reaction time of 150 minutes. Coal fly ash with 
particle size of 50–100 μm proved to be a suitable and efficient catalyst, and the optimum quantity of catalyst employed 
was 5g of fly ash for every 100g of sawdust.
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1 Introduction

Sawdust is a waste by-product emanating from sawmills, 
wood furniture factories and carpentries. Sawdust poses 
significant risk such as fire, air pollution and the prolif-
eration of vermin in the environment. Various opportuni-
ties are available to valorize sawdust waste and increase 
the business competitiveness of the timber and wood 
furniture industry value chain. In agriculture, sawdust is 
used as a mulch, soil conditioner and as a substrate for 
growing edible mushrooms. Sawdust is also used for the 
manufacture of chipboard panels and for the production 
of pellets for use in fuel boilers and as an additive in con-
crete and brick manufacturing [1]. Several investigations 
have shown that lignocellulosic materials such as saw-
dust may be used as raw materials for the production of 
oxalic acid, an industrially important chemical with various 

applications in the paper, leather and mineral extraction 
industries [2].

Oxalic acid is a reducing agent and has been used as an 
analytical reagent and standard, a wood bleach, a metal 
polish, and a metal precipitating or chelating agent [3]. 
In the textile industry, it is employed as a stain remover 
and mordant and may also be used to remove calcium 
in water treatment applications [4]. Oxalic acid has been 
employed as an environmental control agent for ticks [5] 
and for the control of varroosis (a disease caused by the 
parasitic mite, Varroa destructor) during honey bee produc-
tion [6]. Reimenshneider and Tanifuji [7] categorized the 
principal applications of oxalic acid as approximately 28 
per cent metal treatment, 25 per cent textile treatment, 20 
per cent bleaching agents and 27 per cent chemical uses.

Sawdust is made up of three structural polymers: 
cellulose, hemicellulose and lignin [8]. The first two 
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components are carbohydrates, whilst the latter is an 
amorphous and complex three-dimensional polyphenolic 
polymer that is composed largely of repeating phenyl pro-
pane-based monolignol sub-units, with either p-hydroxy-
phenyl (H), guaiacyl (G) or syringyl (S) units predominat-
ing. These units are connected through various ether and 
carbon–carbon bonds. Syringyl structural units are more 
stable than the guaiacyl units because the former cannot 
undergo condensation involving the unsubstituted fifth 
carbon atom in the benzene ring [9]. Lignin with a higher 
content of methoxy groups (S>G>H) contains a lower frac-
tion of chemically resistant carbon–carbon bonds and is 
therefore more susceptible to extensive depolymerization 
under hydrolysis conditions [10]. Hardwood lignin typically 
contains a higher amount of ether bonds than softwood 
lignin, and consequently, hardwoods are generally easier 
to hydrolyse than softwoods [11]. Generally, softwoods 
consist of 45–50% cellulose, 25–35% hemicellulose and 
25–35% lignin, whilst hardwoods consist of 40–55% cel-
lulose, 24–40% hemicellulose and 18–25% lignin [12]. Soft-
woods contain more lignin than hardwoods.

Native lignin is readily susceptible to oxidizing agents 
and may, under the right conditions, be converted to 
valuable chemicals such as vanillin, oxalic acid and other 
acids such as the dicarboxylic and aldonic acids [13, 14]. 
Generally, the use of strong oxidizing agents such as nitric 
acid breaks up the aromatic ring, whereas milder oxidizing 
agents such as nitrobenzene cause changes in the side 
chain whilst keeping the ring intact [15]. Hemicellulose is a 
hetero-polysaccharide that is composed of different sugar 
units and is readily broken down by mild treatments with 
acid. Cellulose, on the other hand, is a homo-polysaccha-
ride which is partially crystalline and consists of glucose 
units linked to each other via β-1,4-glucosidic bonds and 
inter- and intra-molecular hydrogen bonds. It is generally 
more difficult to depolymerize cellulose than hemicellu-
lose. The residue that remains after treatment of the saw-
dust with a mixture of strong nitric acid and concentrated 
sulphuric acid is probably composed of insoluble residual 
lignin, together with oxy-cellulose and hydro-cellulose, 
which are known to be degradation products of cellulose 
oxidation and to be more resistant to oxidation than the 
original cellulose [16, 17].

When cellulose or hemicellulose is exposed to a mix-
ture of concentrated sulphuric acid and nitric acid, the 
sulphuric acid, due to its strong acidity, is thought to medi-
ate the initial hydrolysis steps [18]. The initial hydrolysis 
steps result in the depolymerization and solubilization 
of the polysaccharides due to the formation of hexose 
sugars (mainly, glucose) from cellulose and a mixture of 
hexose and pentose sugars (mainly, glucose, xylose and 
arabinose) from hemicellulose [19]. On the other hand, 
the reaction between lignin and nitric acid is a complex 

process in which the nitric acid participates in both elec-
trophilic nitration and oxidation reactions with the lignin 
[20]. Nitration that is an electrophilic substitution reac-
tion of hydrogen atoms of the benzene ring of the phe-
nylpropanoic unit proceeds rapidly due to the presence 
of activating electron-donating groups [21]. The nitration 
is accompanied by oxidation not only of the propanoic 
chains but also the aromatic rings [22].

During the oxidation of lignin and polysaccharides by 
nitric acid, the reactions are mediated by a complex nitro-
gen redox cycle (slow self-decomposition of nitric acid) 
that interconverts nitrogen from its highest oxidation state 
to the reactants’ nitrous acid and nitrogen dioxide [23]. 
Nitrogen dioxide fuels the autocatalytic reaction between 
nitric acid and polysaccharides, through its reaction with 
water to form more nitrous acid and nitric acid. Nitrous 
acid carries out the substrate oxidation for the polysaccha-
rides and also accounts for the autocatalytic characteristics 
of lignin oxidation by facilitating intermediate nitration 
reactions, methoxyl cleavage, and the oxidation and ring 
opening of quinones and quinoid intermediate products 
to the final reaction products [24, 25].

Weber [26] reported that the evolving gases that are 
excess to the stoichiometric oxidation reaction require-
ments may be absorbed rapidly and completely in con-
centrated sulphuric acid (85 to 95% v/v), to form nitrosyl 
sulphuric acid, in accordance with the following reactions:

When nitric acid functions as an oxidizing agent, water 
is one of the products of the reaction. In order to prevent 
the dilution of the remaining nitric acid and thus decreas-
ing the efficiency of the nitric acid as an oxidizer, concen-
trated sulphuric acid plays a further role as a dehydrating 
agent, by removing the water as fast as it is formed.

A number of catalysts can be employed so that one of 
the competing reactions, i.e. the formation of oxalic acid, 
during the oxidation of polysaccharides by nitric acid 
becomes the dominant and target reaction. The use of 
vanadium pentoxide, molybdic oxide, mixture of vana-
dium pentoxide and molybdic oxide, tungstic acid and 
titanic acid as the catalyst, which provides the desired 
selectivity, has been reported [27–29].

Coal fly ash consists of incombustible inorganic mate-
rials that are found in coal, which are fused during the 
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combustion process to form a glassy amorphous material 
that has silica as the principal constituent. A small fraction 
of fly ash is used in the cement, concrete and the brick 
manufacturing industries, but the bulk of fly ash is com-
monly disposed of as landfill, thereby causing environ-
mental pollution [30, 31]. Kanti et al. [32, 33] have reported 
the use of fly ash to manufacture water-based nanoflu-
ids, which have been proposed as potential heat transfer 
media with superior heat transfer characteristics. A num-
ber of research studies have demonstrated that fly ash and 
its various modifications can be harnessed as an efficient 
catalyst for the synthesis of organic compounds under 
various conditions [34–36]. Brønsted and Lewis acidic sites 
and metal (particularly iron and calcium) oxide sites on the 
fly ash/modified fly ash catalyst are thought to be respon-
sible for the catalytic activity. CaO is an active base catalyst 
and a promotor, whilst  Fe2O3 is an active redox catalyst for 
a wide range of reactions, including Friedel–Crafts acyla-
tion [37]. The combination of Lewis and Brønsted acidic 
sites and redox sites provides by-functionality to the coal 
fly ash catalyst. Zhang et al. [38] reported that nitric acid-
activated fly ash may be employed as a heterogeneous 
Fenton-like catalyst for p-nitrophenol removal from water, 
with a removal rate of 98% being observed. Wang [39] also 
reported that fly ash may be used as an effective catalyst 
for the aqueous phase oxidation of organics.

The purpose of this study was to determine the opti-
mum conditions at which the maximum yield of oxalic 
acid can be obtained during nitric acid oxidation of 
sawdust in the presence of concentrated sulphuric acid, 
when fly ash is employed as the catalyst. The experiments 
involved the hydrolysis and oxidation of sawdust using a 
mixture of concentrated sulphuric acid and strong nitric 
acid and separation of oxalic acid from the reaction liquor 
through crystallization. The rest of the article is organized 
as follows: Section 2 describes the experimental methods 
employed by the authors. Section 3 reports the results 
and provides a discussion of the results. Section 4 con-
cludes the research study and provides useful comments 
on future works.

2  Experimental

2.1  Materials and method

Pine tree (a softwood) sawdust was collected from a local 
carpentry shop, washed and sun-dried for 48 hours to 
reduce the water content after which it was ground to 
reduce the particle size to less than 5mm. Coal fly ash 

was collected from a local company. The coal fly ash was 
screened to remove the coarse materials and unburnt coal 
particles. The chemical composition of coal fly ash from 
the same local company as in this study was previously 
reported [40] to be 40.92%  SiO2, 31.91%  Al2O3, 11.02% 
 Fe2O3, 6.10% CaO and other trace metal oxides such as 
MgO,  TiO2, MnO,  Na2O,  K2O,  SO3 and  P2O5. Two particle 
grind size ranges were used: 1–5mm and 50–100 μ m.

The 56.5% v/v  HNO3 was obtained from a local nitrate 
fertilizer manufacturer, which produces nitric acid as a 
reactant in the production of ammonium nitrate fertilizer. 
95% v/v  H2SO4 was obtained from a local phosphate fer-
tilizer manufacturer, which manufactures sulphuric acid 
from local pyrites. A 1000-mL beaker was used for the 
experiments.

All other chemicals were of analytical reagent grade and 
were obtained from Sigma-Aldrich. For experiments in which 
the amount of sawdust was not a variable, 100g of sawdust 
was used. Appropriate ratios of H2SO4 and HNO3 (v/v) were 
measured and emptied into the beaker. The total volume 
of the two acids in each experiment was 500ml. The con-
tents were placed on a heating surface, and the temperature 
increased to the desired reaction temperature as measured 
by a thermometer inside the beaker. The thermometer was 
also used to stir the mixture. The reaction was terminated 
when the brown NOx gases became light or pale yellow in 
colour. The reaction mixture at this stage was cooled to 0 
°C first by running a stream of tap water on the outside of 
the beaker and then placing the beaker in a freezer. C2H2O4 
crystals formed were separated through filtration using 
Whatman filter paper. The filtrate was heated at 50 °C for 
ten minutes before being cooled again to 0 °C and filtered 
again to yield a lesser quantity of oxalic acid crystals.

The C2H2O4 crystals from each experimental run were 
combined and dissolved in water at 80 °C and the solution 
stirred vigorously. The solution was then cooled in the same 
manner as above and filtered to obtain the purer crystals 
of C2H2O4 whose weight was used to calculate the yield. 
The above procedure was repeated for experimental runs 
at different reaction temperatures, acid ratios, reaction 
times, mass of catalyst and catalyst size. In another range of 
experiments, 5g of manganese metal powder (99.5% purity) 
from Sigma-Aldrich [Tyler Standard Screen −325 mesh 
(−0.044mm)] was used as the catalyst in order to compare 
its activity with that of fly ash. The manganese powder was 
used as received.
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2.2  Determination of Oxalic Acid Yield

For each combination of variables, three separate experi-
ments were carried out. The crystals obtained were dried at 
65 °C and weighed. An average mass for each combination 
was obtained as follows:

The yield of oxalic acid was calculated as follows:

3  Results and discussion

3.1  Effect of Temperature

The first batch of experiments were carried out in the 
absence of any catalyst and served to determine the opti-
mum temperature for the maximum yield of C2H2O4 . The 
results are presented in Figure 1. The yield increased with 
temperature for each acid ratio, and the maximum yield of 

Average mass of C2H2O4 =
Mass (1st experiment) +Mass (2nd experiment) +Mass (3rd experiment)

3

Yield =

Average mass of C2H2O4 produced (grams)

100g(of sawdust used)
× 100

approx. 50% was obtained at 70 °C for the 60%:40% acid 
ratio. Increase in temperature beyond 70 °C was accom-
panied by a gradual decrease in yield. Decomposition of 
oxalic acid into water and carbon dioxide occurs at higher 
temperatures, resulting in a decreased yield. Other studies 
have reported optimum temperatures in the range 58–75 

°C depending on the carbohydrate used [41, 42]. An opti-
mum temperature is characteristic of hexose and pentose 
sugar oxidation reactions, which are essentially exother-
mic [43]. The redox reactions that interconvert nitrogen 
from its highest formal oxidation state into the reactants 
nitrous acid and nitrogen dioxide are also exothermic. All 
experiments in which temperature was constant were con-
ducted at 70 °C.

3.2  Effect of the amount of �
2
��

4
 added 

on the yield of oxalic acid

The effect of the amount of H2SO4 per 100g of sawdust 
on the yield of oxalic acid was studied. The density of 
H2SO4 used at 25 °C was 1.8286g/cm3. Figure 2 shows the 
effect of the mass of H2SO4 added on the yield of oxalic 
acid. The yield increased steadily with mass of H2SO4 until 
a maximum oxalic acid yield of 84% was obtained with 
3.66g of H2SO4 per gram of sawdust. Any further increase 
in the mass of the acid resulted in a decrease in yield. The 
decrease in yield may also be attributed to the fact that 
dissolution of hemicellulose and cellulose in aqueous sul-
phuric acid solutions at mild temperatures of 50 to 100°C 
is fast when the acid concentration is ≥ 65% v/v and when 
the acid to cellulose ratio is > 2mL/g [18, 19]. The initial 
dissolution step is followed by hydrolysis of the solubilized 
hemicellulose and cellulose to form pentoses and hexoses, 
which are then oxidized to oxalic acid by the strong nitric 
acid. The hydrolysis of hemicellulose is fast, whilst that for Fig. 1  Yield of oxalic acid at different temperatures using different 

acid ratios

Fig. 2  Effect of the amount of 
H
2
SO

4
 used on the oxalic acid 

yield
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cellulose is slower [44]. On the other hand, lignin is unaf-
fected by the sulphuric acid but is nitrated and oxidized by 
the strong nitric acid leading to the destruction of the ben-
zene ring. Since 100g of sawdust was used for the experi-
ments, the amount of  H2SO4 required was 366g  (200cm3), 
which corresponds to 40% (v/v) in a 500-cm3 mixture of 
 HNO3 and  H2SO4. For all subsequent experiments in which 
the acid ratio was a constant, a 60/40 v/v mixture of  HNO3 
and  H2SO4 was employed.

3.3  Effect of the amount of Fly Ash catalyst

Six different masses of fly ash catalyst were used: 0.5, 1, 
5, 10, 15 and 20g, per 100 grams of sawdust. The yields 
obtained with time are given in Fig. 3. The yield for the 
different masses increased with time to a maximum after 
about 150 minutes and then slowly decreased thereafter. 
The highest yield of 84% was obtained using 5g of fly ash. 
When larger amounts of fly ash were used, small amounts 
of wood oils and waxy substances were observed on the 
walls of the reactor, possibly due to the promotion of 
aldol condensation of monosaccharides to polysaccha-
rides and the condensation of polysaccharides to humins 

and other oligosaccharides, leading to the formation of 
syrup-like by-products [45, 46]. The formation of wood 
oils and waxy substances could also be due to the fact 
that lignin is prone to repolymerization reactions in the 
presence of acid or base catalysts [47]. The repolymeriza-
tion products have low solubility in aqueous phases. In 
some instances during the oxidative depolymerization of 
lignins, reactive radicals may be formed that can lead to 
partial repolymerization of the soluble lignin leading to 
the formation of more complex lignin structures [48, 49]. 
Brønsted basic sites are also present on the coal fly ash 
catalyst and may lead to the formation of base catalysed 
condensation products of monosaccharides at elevated 
temperatures. Consequently, an increase in the amount 
of catalyst leads to an increase in the conversion of sub-
strate at the expense of a reduction in selectivity due to 
increased secondary reactions (disproportionation and 
over-oxidation reactions). The preceding speculations are 
based on the literature, given that individual side-reaction 
products of the hydrolysis and oxidation reactions were 
not isolated and analysed in this study.

Fig. 3  The effect of different 
masses of fly ash on the yield 
of oxalic acid

Fig. 4  Yield of oxalic acid using 
coarse fly ash
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3.4  Effect of Fly Ash particle size and reaction time

The effect of the catalyst particle grind size (fine or coarse 
size) on the yield of C2H2O4 was also investigated. Ten 
grams of fly ash was used in each experiment. Two par-
ticle grind size ranges were used: 1–5mm and 50–100 μ 
m. Figure 4 shows the yield of oxalic acid produced using 
the 1–5mm grind size range. The results show that a max-
imum yield of 44% was obtained using 60% HNO3 and 
40% H2SO4 . The maximum yield for each acid ratio was 
obtained after 150 minutes. A further increase in the reac-
tion time produced no significant increase in oxalic acid 
yield. This observation is also true when manganese metal 
catalyst was employed.

Figure 5 gives the yield obtained using fly ash with a 
size range of 50–100 μ m. The yield of C2H2O4 increased 
with time until a maximum was reached after 150 minutes 
for each acid ratio.

The yield decreased beyond 150 minutes, the 
decrease being more pronounced for the 60%:40% and 
50%:50% acid ratios. The maximum yield obtained was 
77% for the 60%:40% acid ratio after 150 minutes. After 
150 minutes, the fly ash catalyst may be promoting the 
decomposition of oxalic acid due to over-oxidation of 
the oxalic acid to carbon dioxide and water. The catalytic 

activity of the employed coal fly ash catalyst is strongly 
dependent on particle size possibly due to the abun-
dance of low bond coordinated metal oxide atoms at the 
edges of the smaller catalyst particles, which, in the case 
of, for example, gold nanoparticles, have been reported 
to facilitate the adsorption of reactants and substrate, 
thus promoting faster product formation [50]. Gener-
ally, in catalytic processes involving gaseous, liquid and 
solid phases, only the catalyst grain outer surface area is 
primarily active. Therefore, the high catalyst surface area 
necessary for a good yield of the products can only be 
practically achieved by decreasing the catalyst grain size, 
this being equivalent to an increase in the total surface 
area available for the reaction. The observed decrease in 
yield after 150 minutes could be due to the promotion of 
competing side reactions, or deactivation of the catalyst 
by poisoning due to the adsorption of the formed prod-
ucts. If the active sites are at the surface of the catalyst 
particles, then the chemisorption of products formed 
could block active sites and cause deactivation. Addi-
tionally, deactivation can be caused by metal leaching 
in the hot acidic environment leading to a decrease in 
catalytic activity.

Fig. 5  Yield of oxalic acid using 
fine fly ash

Fig. 6  Yield of oxalic acid with 
time using different acid ratios 
and manganese metal
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The maximum yield with both particle size ranges 
was obtained using the same acid ratio, 60% HNO3 and 
40%H2SO4.

3.5  Effect of Manganese as a Catalyst

A batch of experiments was run with manganese metal as 
the catalyst so as to compare the performance with that 
of fly ash catalyst. The results are given in Fig. 6.

The maximum yield obtained was 81% for the 60%:40% 
acid ratio. Maximum yields in the range 79-82% have been 
reported using manganese metal catalyst [42]. The maxi-
mum yield for each acid ratio was obtained after 150 min-
utes, and any further increase in time produced no signifi-
cant increase in the oxalic acid yield.

In Fig. 7, the yield for two size ranges is compared with 
that of manganese for the 60%:40% acid ratio.

Figure 7 indicates that a higher yield was obtained 
for fine fly ash particles compared to coarse fly ash par-
ticles, with a maximum difference in yield of almost 40%. 
The results also indicate the applicability of fly ash as a 
catalyst in the reaction with results resembling those for 
manganese metal. The finer the particles, the greater the 
surface area for adsorption of the reacting molecules, and 
a decrease in the activation energy is needed for the reac-
tion to proceed. A higher yield was obtained with finer fly 
ash due to the increased surface area for the reaction rate.

4  Summary of the proposed operating 
conditions

The conditions that were varied during the nitric acid 
oxidation of sawdust were: HNO3 ∶ H2SO4 ratio, reaction 
temperature, size and quantity of fly ash catalyst, and 
reaction time. The proposed operating conditions for the 
reaction are summarized in Table 1. The corresponding 
yield given by these conditions is 84% oxalic acid. Lit-
erature values of oxalic acid yield using sawdust under 
similar conditions as in this study vary widely from 80.2 
[36] to 60% [51].

5  Conclusion

Nitric acid oxidation of sawdust was carried out in this 
study in order to ascertain the feasibility of using fly 
ash as a catalyst in the process. Fly ash, a relatively inex-
pensive and benign material, is a suitable and efficient 
catalyst for the oxidation reaction with results similar to 
those obtained when using a manganese metal catalyst. 
A maximum yield of 84% oxalic acid was obtained after 
150 minutes and at 70 °C using for every gram of saw-
dust; 0.05g fly ash with particle size range 50–100 μ m, 
3.66g H2SO4 and 4.03g HNO3 . The oxalic acid obtained 
had physical properties similar to those stated in the 
literature.

Sawdust and fly ash are cheap raw materials that are 
locally available, and their utilization may provide a cost-
effective and environmentally friendly way of recycling 
these wastes, thereby significantly reducing their envi-
ronmental footprint. Valorizing sawdust has the potential 
to contribute to economic growth in remote parts of most 
developing countries where timber sawmills are normally 
located. More research shall be required in order to inves-
tigate the performance and long-term stability of the cata-
lyst, since fly ash contains trace elements such as mercury, 
which may be released during fly ash catalyst utilization, 

Fig. 7  Effect of reaction time 
on oxalic acid yield

Table 1  Proposed conditions for the nitric acid oxidation of saw-
dust with fly ash as catalyst.

Operating parameter Value

Reaction temperature 70 °C
Reaction time 150 minutes (2.5 hours)
Catalyst
Particle size 50–100 μm
Mass 0.05g fly ash/g of sawdust
Sulphuric acid 3.66g H2

SO
4
 /g of sawdust

Nitric acid 4.03g HNO
3
 /g of sawdust
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thus causing secondary pollution. Additionally, charac-
terization of the different side-reaction products will be 
required.
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