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ABSTRACT 

After a short out l ine of the h is tory of black powder the subject of th is 

a r t i c le is a d iscuss ion of the concerted mechanism of the reactions in explod-

ing gunpowder. Evident ly , the f i r s t step of the powder reaction is the reduc-

t ion of potassium ni trate to n i t r i te by charcoal and/or hydrogen su l f i de , which 

or ig inates from the reaction of sul fur with the minor hydrogen content of char-

coa l . Sul fur i s then inserted into the n i t r i te to y ie ld potassium th ion i t ra te, 

KSNO,,. The lat ter causes a rapid ign i t ion of the charcoal /n i t rate mixture 

through i t s strongly exothermic decomposition into th iosul fate and dinitrogen 

oxide, which i s to ta l ly consumed by i ts explosive reaction with carbon monoxide 

to y ie ld nitrogen and carbon dioxide. 

1 GUNPOWDER - A CHINESE INVENTION ? 

Probably no other event in the history of mankind has influenced the r i se 

and fa l l of cultures and also the destiny of ind iv iduals more than the inven-

t ion of gun powder and the introduction of f i rearms. Apparently, gun weapons, 

i . e . , cannons, were f i r s t employed in Europe nine years after the beginning of 

the Hundred Years ' War on August 25th, 1346 in the batt le of Crecy-en-Ponthieu 

near Abbevi l le on the Channel coast. Edward I I with 20 000 Engl ish so ld iers 

fought th is batt le against a super ior i ty of 60 000 French so ld iers under 

Phi l ipe V I . The effect of the cannons and the superior strategy of the Engl ish 

must have been devastat ing: the number of French nobles and commons k i l led was 

greater than the number of Englishmen who fought at a l l . 

For 500 years unti l the last century the ef f ic ient explosive of the f i r e -

arms, "black powder", consisted of a mixture of 75 % sal tpetre, 15 % charcoal 
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powder and 10 % su l fu r . Who the technical advisors and the engineers of Edward 

I I were, and where and from whom his cannons were bui l t has not been recorded. 

In a copy dating from 1393 of a document from 1313 of the ci ty of Ghent there 

ex is ts a marginal note which states "Item in th is year the "Bussen" ( i . e . the 

cannons) were invented in Germany". A powder inventor Berthold Schwarz may not 

have existed at a l l . But i f th is name was not invented later on, then the re-

ferences must have dealt with one of the f i r s t gun manufacturers. 

I t i s certain that the fuel for the cannon ba l ls used by Edward I I was in -

vented much ear l ie r , probably in ancient China. Even at the beginning of our 

chronology, in the Han Dynasty, which lasted from 25 to 250 A . D . , the Chinese 

had already the Shen-nung pents
1
ao-ching, an encyclopedia of natural sc iences. 

In addition to rock sa l t , sodium su l fa te , cinnabar and other mineral, vegetable 

and animal substances, saltpetre and sul fur are also mentioned there. Naturally 

occurring sal tpetre, Siao s i , was found in the northern provinces of China. The 

deposits were exploited by the State through convicts under the supervision of 

"sal tpetre people", or private concerns received mining r i gh t s . Merchants who 

wanted to trade in saltpetre required a l icence. In connection with the techni-

cal appl icat ion of f i r e , par t icu lar ly through metallurgy, the Chinese acquired 

at an early stage the knowledge of charcoal, Mu tan. This product was already 

produced in charcoal -k i1ns. In a simi lar way also the third component of gun-

powder, namely su l fu r , Lin huang, could be obtained. Sulfur was, l ikewise, 

known in China a long time before the production of the powder and was employed 

especia l ly for medical purposes, e . g . , the cure of ulcers and gal l -bladder d i s -

eases as well as for the pest control in the cu l t ivat ion of bamboos. 

What idea could have induced a for ever unknown Chinese alchemist to produce 

mixtures of sal tpetre, charcoal and sul fur and igni te them? The matter in ques-

t ion probably dealt with the termination of a long ser ies of tests concerning 

inflammable mater ials. I t was perhaps also a theoretical aspect which could 

have stimulated him to do such an experiment. An indicat ion supporting th is 

point can be drawn from the Chinese philosophy and natural science, the Tao. 

The Chinese phi losophy, par t icu lar ly in the Chin and Han era, was dominated by 

the ancient antagonist ic cosmic pr inc ip les of Yang and Y in . Yang and Yin s i g n i -

fy the f i r s t two primordial forces of the universe. Yang is the male construc-

t ive power, the br ightness. Yin is female, the power of the darkness and cold-

ness. Just as Yang and Yin control the sky, the earth and human beings, in the 

same way they govern natural substances and are the dr iv ing forces for chemical 

react ions. Thus, saltpetre was assigned to the Yang Pr inc ip le , coal and sul fur 

to the Yin Pr inc ip le . According to Sung Y ing-Hs ing, the interaction between 

Yang and Yin was responsible for the explosive power of gunpowder. Even today, 

the Yang and Yin Pr inc ip les play a role in the chemistry of China: The cation 
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Fig. 1. War machines in Old China. 

is called the Yin ion and the anion the Yang ion. 

For centuries, the Chinese used black powder for peaceful purposes only: 

firework displays. Even today, this black powder is the fuel still used for 

fireworks let off on New Year's Eve. During the Sung Period (960 - 1279) the 

Chinese succeeded in inventing the "burning arrow" and the rocket. The military 

use of black powder was recognized comparatively late, namely during the Tang 

Period in the year 1161 by a war mandarin, Yu-yen-wen. The aim was, at first, 

only to deter the enemy. A more recent encyclopedia of natural science written 
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by Lo Tschen-gu around the beginning of the 15th century and bearing the t i t l e 

Tien-kung kai-wu, however, contains also i l l us t ra t i ons of war machines. For 

their cannons, the Chinese used inflammable ba l ls consis t ing of wool f e l t , 

paper and res in (F ig . l a ) , bundled arrows (F ig . l b ) , stone ba l ls and also gre-

nades producing fog or poisonous gas . Grenades containing explosives were not 

used but boxes f i l l ed with powder were thrown from embankments and were termed 

Wan shen di (thousand enemy k i l l e r ) (F ig . l c , I d ) . In an ancient manuscript in 

the possession of a l ibrary in Oxford and dating from the year 1327, an i l l u s -

t rat ion without any further explanation, of a container in the form of a bottle 

with an arrow placed in i ts neck has been preserved (F ig . 2 ) . This i l l us t ra t i on 

may indicate that the invention of f i re arms came from China to Europe. 

F i g . 2 . Powder bottle with arrow. 

2 TECHNOLOGY OF BLACK POWDER IN THE EUROPEAN MIDDLE AGES 

During the Middle Ages in Europe a technology of gunpowder developed very 

quick ly . Black powder was f i r s t manufactured by craftsmen who joined together 

to form g u i l d s . In their method of production they soon branched off from the 

dangerous task of pulver is ing gunpowder in mortars (F ig . 3) and made use of 

remotely situated old m i l l s . A mi 11 of th is kind is supposed to have been put 

into operation for the f i r s t time in 1340 near Augsburg in Germany. Charcoal 

was avai lable in abundance and sul fur could be re la t ive ly eas i ly acquired from 

southern I ta ly or Spa in . But the "good sal tpetre" (potassium nitrate) was im-

ported from India and for th is reason it was very expensive. Venice was in the 

possession of a transportation monopoly. Therefore the poss ib i l i t y of f inding 

lime saltpetre in sheds and gaining it from putrefying urine and blood in pi ts 

and then converting th is into potassium nitrate by means of a reaction with 

potash, was a very s ign i f i can t discovery. A further important progress was the 

granulation of the gun powder which prevented the separation of the components 

during transport . I t should also be mentioned that gunpowder was already in use 

in the Middle Ages also for peaceful purposes, i .e . for b last ing in mining, a 

method which was much more ef f ic ient than the antiquated method of "set t ing 

f i r e " . 
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F i g . 3. Manufacturing of powder in mortars. 

3 THE COMPOSITION OF BLACK POWDER AND THE REACTION OF ITS COMPONENTS 

The optimum composition of gunpowder has certa in ly been determined in a com-

pletely empirical manner. According to whether they wished to f i re more hor i -

zontal ly or more ver t i ca l l y the Chinese employed dif ferent mixtures. Charcoal 

was considered to be only an aux i l ia ry product. The fuses were only impregnated 

with sul fur and sal tpetre. The composition of gunpowders in use in dif ferent 

German and other states during the previous century i s almost identical (cf . 

Table 1 [ 1 ] ) . 

I t is remarkable that the 15 % charcoal only contains about 80 % carbon. For 

the chemist it is more s ign i f i can t to state the composition of gunpowder in 

moles. 75 g sal tpetre, 12 g carbon and 10 g sul fur correspond to 0.74 moles 

KNO^, 1.0 mole C and 0.31 moles S . I f we calculate further that 0.74 mole po-

tassium ni trate contains only 1.85 mole active oxygen, then we see eas i l y that 

the amount of sal tpetre despite i ts high share in the composition of gunpowder, 

is by no means suf f ic ient to convert carbon and sul fur into their highest ox i -

dation s ta tes , since 1 mole C and 0.31 mole S require 3 moles oxygen for the 

complete ox idat ion. 

Although the composition of gunpowder remains very constant almost indepen-

dent of the manufacturer, the amount of substances obtained from the reaction 

products varies within wide l im i t s , in other words, i t i s not possib le to re-

produce the course of the powder react ion. Obviously, a branched reaction 
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TABLE 1 

Composition of gunpowder ( in weight-%) 

Saltpetre Carbon Sul fur 

England 75 15 10 

Sweden 75 15 10 

Russia 75 15 10 

Pruss ia 74 16 10 

Saxony 74 16 10 

U.S .A . 76 14 10 

Austr ia 75.5 14.5 10 

occurs. In a German handbook of chemistry [ 2 ] a long chemical equation can be 

found and is given in columns as fo l lows: 

74 KN03 (75.7 %) 

96 C 

30 S 

(11.7 %) 

( 9.7 %) 

16 H20 ( 2 . 9 %) 

19 K 2C O 3 

35 N 2 7 K 2S O 4 

56 c o 2 8 K
2

S
2 ° 3 

14 CO 2 K 2S 2 

3 C H 4 2 K S C N 

2 H 2S 1 ( N H 4) 2C 0 

4 H 2 1 C 

1 S 

1 kg 2 7 8 1 600 g 

The reaction not only y ie lds gases, mainly ni t rogen, carbon dioxide and car-

bon monoxide. The small quanti t ies of methane, hydrogen and hydrogen su l f ide 

can be explained as products of the pyro lys is of charcoal and of the co-pyroly-

s i s of charcoal, sul fur and water. The predominating portion of the combustion 

products cons is ts of so l ids which generate the powder-smoke. 

4 THE ROLE OF SULFUR IN BLACK POWDER 

Many famous chemists were occupied with the theory of the chemical reaction 

which causes the ign i t ion of the powder and the explosive course of the reac-
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t i ons : Albertus Magnus (1193 - 1280), Roger Bacon (1214 - 1294), Claude Louis 

Berthol let (1748 - 1822), Joseph Louis Proust (1754 - 1826), Jons Jacob 

Berzel ius (1779 - 1848), Robert Bunsen (1811 - 1899). In the works of Albertus 

Magnus before 1280 a reference to a mixture of powder resembling that of gun-

powder can be found. As an alchemist, Albertus Magnus could not be prosecuted 

on account of his high rank as a bishop! The Engl ish monk Roger Bacon mentioned 

a mixture of th is kind in an "Ep is t l e " in which he defends himself against the 

reproach of having to do with black magic. The mixture burned quickly and ex-

ploded on enclosure. Bacon recommended i t as a " ch i l d ren ' s p layth ing" . But he 

certa in ly was not the inventor of gunpowder. The facts provided by the sources 

are, strangely enough, so c lose ly connected that they suggest the poss ib i l i t y 

of gunpowder being invented independently in Europe and China. In the year 1857 

Robert Bunsen, together with his student L. Schischkof f , a Russian o f f icer , 

published a t reat ise "Chemical Theory of Gunpowder" [ 3 ] . In L i e b i g ' s Annalen, 

volumes 212 and 213, an ar t ic le by Debus [1] e x i s t s , consis t ing of 110 pages 

and dealing with th is subject. An oxidation process followed by a reduction 

process is supposed to take place. 

1 . Procedure (ox idat ion) : 

16 KN03 + 13 C + 5 S - 3 K 2C 0 3 + 5 K 2S 0 4 + 9 C0 2 + CO + 8 N 2 

2 . Procedure (reduct ion): 

4 K 2S 0 4 + 7 C - 2 K 2C 0 3 + K 2S 2 + 5 C0 2 

4 K 2C 0 3 + 7 S K 2S 0 4 + K 2S 2 + 4 C0 2 

These equations, however, can scarcely be acknowledged as explanation of the 

course of the reaction in quest ion. Nowadays, th is would mean that the reaction 

had to be subdivided in bimolecular individual s tages. On attempting t h i s , the 

problem immediately ar ises that two of the consti tuents of the powder reaction 

have no molecular structure. Only the sul fur forms molecules. Charcoal cons is ts 

mainly of graphite carbon par t i c les , s t r i c t l y speaking, i t cons is ts of two-

dimensional ly c ross- l inked macromolecules. Potassium n i t ra te , as a s a l t , i s a 

coordination polymer. In the case of modern explosives the oxygen required for 

the rapid combustion i s molecularly dispersed in the material . 

A fact which ought to make a convincing chemical theory of gunpowder in te l -

l i g i b l e i s that here evidently a concerted reaction e x i s t s . Saltpetre and char-

coal alone, or saltpetre and sul fur alone wil l not y ie ld gunpowder. The black 

powder burns off so quickly that the attempt to follow the deta i ls seems hope-

l e s s . One can merely try to draw conclusions from the resu l ts or try to repro-
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duce some parts of the experiment separately. Among the so l ids of the powder 

smoke there are, quite unexpectedly, some compounds to be found which are re-

duction products of su l fu r : Thiosulfate and po lysu l f ide . Apparently, the ques-

t ion may also be ra ised : How can a strong oxid iz ing agent also operate as a 

reducing agent? The author, during his ac t i v i t i es on the lap is lazul i and u l -

tramarine pigments, made a discovery which, quite evident ly, concerns th is gun-

powder problem: I t was well known that ultramarine blue can be converted into 

ultramarine red through oxid iz ing agents such as ch lor ine, hydrogen chloride 

plus oxygen, nitrogen dioxide and also with n i t r i c acid vapours. This procedure 

i s based on the discharge of the sul fur radical ions S ^ " and S ^ " . Surp r i s ing ly 

enough, i f ultramarine red is melted with oxid iz ing agents l i ke potassium n i -

t ra te, potassium n i t r i te and even potassium chlorate, ultramarine blue is 

formed again [ 4 ] , 

Debus disputed the statement of the ear l ie r workers that the powder smoke 

included th iosul fate but confirmed the content of po lysu l f ide . He believed that 

the polysul f ide resulted from air oxidation of su l fu r . The fact that th iosu l -

fate actual ly does exist in the powder smoke can be proved by means of a very 

impressive experiment. When gunpowder, to which some sodium nitrate has been 

added, i s ignited beside a beaker containing a saturated solut ion of th iosu l -

fate as i s obtained by melting Na^S^O^*δΗ^Ο, the th iosul fate s tar ts to c rys ta l -

1 i ze. 

The opinion has general ly been supported that the reaction of sul fur with 

melting ni trate causes the ser ies of reactions occurring by burning off gun 

powder. However, i t i s possible on top of l iquef ied saltpetre to generate a 

layer of l ikewise l iqu id dark-brown sul fur without any reaction occurr ing. S u l -

fur does not react with potassium nitrate by ign i t ion unti l i t has reached a 

temperature of 350 °C, i .e . 15 °C above the melting point of the sa l t (335 °C) 

whereas commercial black powder (Jagdpulver No. 2 , Dynamit Nobel AG) ign i tes 

explosively even at about 300 °C. Thus, the reaction of ni trate with sul fur 

wi l l def in i te ly not induce the powder react ion. On heating commercial gunpowder 

s lowly, two points can be c lear ly observed, f i r s t l y , that it fumes long before 

i gn i t i on , and secondly, the perception of the character is t ic smell of the pow-

der-smoke which i s attr ibuted to the nitrous gases. The fact that a reaction 

takes place before reaching the melting point of potassium ni trate (334 °C) i s 

confirmed by a thermogravimetric study (see F i g . 4 ) . When f i r s t l y the main part 

of the sul fur i s sublimed in a vacuum at constant temperature within the region 

of 120 to 130 °C, a reaction of adsorbed nitrate with coal , obviously not af-

fected by the su l fu r , takes place. This points to the fact that the special 

manufacturing processes of gunpowder are essent ial for the react iv i ty of the 

product, because no reaction proceeds at such a low temperature i f charcoal and 
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potassium ni trate are mixed without further measures. The reaction of potassium 

ni t rate and potassium n i t r i te with charcoal has been analyzed in detail by Shah 

[5 ] and has mainly been traced back to the two steps 

4 KN03 + 2 C ^ 4 KN02 + 2 C 0 2 , Δ Η
0
 = -71 kcal/mole 

and 

4 KN02 + 3 C *- 2 K 2C 0 3 + C0 2 + 2 Ν.,, Δ Η
0
 = -288 kcal/mole 

with hyponitr i te as an intermediate product. 

F i g . 4 . Loss in weight of 100 mg of a commercial gunpowder on heating with a 

rate of 2 K/min in a vacuum thermobalance. 

In connection with the black powder reaction the behaviour of the detonating 

powder compiled by Glauber as early as 1661 and consis t ing of a mixture of 3 

parts of potassium n i t ra te , 1.5 parts of sul fur and 1 part of potassium carbon-

ate seems to be va l i d . Angelo Angeli attr ibuted the extremely violent explosion 

to a reaction of n i t r i te and th iosul fate which are formed by melting the s tar t -

ing materials [ 6 ] . Angeli a lso reported the explosion of mixtures of n i t r i tes 

and thiocyanates [ 7 ] , Not long ago, a s imi lar explosion - in ignorance of the 

German l i terature - occurred in a laboratory in Berkeley [ 8 ] . On considering 

which bimolecular step could cause the reaction of ni trate with th iosul fate or 

thiocyanate, one comes almost inevi tably to the hypothesis that th is step is 

only possib le by the transfer of a sul fur atom: 

S 0 3S
2
" + N 0 2" S 0 3

2
" + S N 0 2" 
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NCS" + N0 2" - NC" + SN0 2" 

In fact , a mixture of sulfur and potassium n i t r i te in a tube also explodes -

even at 250 °C - and just as violent as the Glauber-mixture [4 ] . 

The reaction of sulfur with sodium n i t r i te proceeds slowly compared with the 

reaction with potassium n i t r i te . On top of melted sodium n i t r i te (melting point 

284 °C) f loat ing sul fur promotes the development of dinitrogen monoxide on the 

lower s ide . By overheating the melted substances ign i t ion of sul fur is caused 

and it is oxidized by N20 to S02« After the melted substance has been cooled 

down and s o l i d i f i e d , the presence of th iosul fate in abundance can be proved. M. 

Schmidt [9] has found that sulfur with sodium n i t r i te in boi l ing dimethylform-

amide reacts to sodium thiosul fate and dinitrogen monoxide. He assumed that the 

sa l ts of "polysulfane n i t r i c acids" (n i t ropo lysuI f ides) and sodium thioni trate 

were formed as intermediates. By reacting sul fur with a solut ion of b i s ( t r i -

phenylphosphane)immoniurn n i t r i te ("PNP:N02" ) in acetone it is possible to ob-

tain a solut ion which permits c rys ta l l i za t ion of dark red P N P : S 2N 0 2, which can 

be converted by triphenylphosphane into green PNP:SN02 [10 ] . This supports the 

hypothesis that, also in the gunpowder react ion, one of the most important 

steps is the reaction of sul fur with n i t r i te to give the explosive thioni t rate 

for which the presence of th iosul fate in powdersmoke is a convincing proof. 

2 KN02 + 1/4 S 8 2 KSN02 

2 KSN02 ^
 K

2
S
2°3

 + N
2 ° 

Δ Η
0
 = -160 kcal/mole 

The reaction of gaseous Sg to which the reaction enthalpy refers is a very 

strongly exothermic one. I t i s therefore not surpr is ing that the reaction of 

potassium n i t r i te with sul fur proceeds explosively and i t can be assumed that 

potassium thioni t rate is a highly endothermic compound, in other words, an. ex-

p los ive . 

During the reaction of sodium or potassium n i t r i te with sul fur in dimethyl-

formamide, dimethylsulfoxide or hexamethylphosphoric acid tr iamide, and also 

the reaction with PNP n i t r i te or with potassium n i t r i te chelated by crown 18C6 

in acetone it is possible to observe the formation of dark blue radical ions 

S 3~ in the in i t ia l phase of the react ion, and it can also be proved ana ly t ica l -

ly that the react ions, apart from th iosul fate and su l f i de , y ie ld also sulfate 

to a considerable extent [10 ] . A direct re lat ion between the n i t r i te - sul fur 

reaction and the reactions resul t ing from the ign i t ion of the gun powder is 

obvious. On the whole, the reaction of sul fur with n i t r i te is a complicated 

radical react ion. Apparently, the concerted act iv i ty of sul fur with charcoal 
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when reacting with saltpetre is caused by, f i r s t l y , the reduction of nitrate to 

n i t r i te by charcoal and, secondly, the reaction of sul fur with n i t r i te to give 

explosive th ion i t ra te . 

K.A. Hofmann [11] pointed to the p o s s i b i l i t y that the gunpowder reaction 

could be in i t ia ted through the ign i t ion of hydrogen su l f ide by so l id potassium 

nitrate at 285-290 °C. This would explain the concerted reaction of the three 

components of gunpowder a lso . Actual ly i t can be eas i ly demonstrated that char-

coal reacts with sul fur at 150-180 °C to y ie ld hydrogen su l f ide . I t i s note-

worthy that the reaction of so l id potassium nitrate and hydrogen sul f ide at 

elevated temperatures produces su l fa te , th iosu l fa te , dini trogen oxide and am-

monia [12 ] . K^S^O^ and N^O point to th ioni t rate as intermediate. The overall 

reaction 

2 [KN03 + H 2S - H20 — - KN02 + S — - KSN02] — -
 K

2
S
2°3

 + N
2 ° 

produces 66.45 kcal/mole, heat enough to start the powder explosion. 

F i na l l y , an inquiry must be made concerning the whereabouts of the d in i t ro -

gen monoxide which, along with the th iosu l fa te , must be formed by the decompo-

s i t i on of th ion i t ra te . The answer to th is question is given by the fact that 

the gaseous products of the powder reaction contain also carbon monoxide in 

excess in the presence of which N20 is not s tab le. CO and N 20, after i gn i t i on , 

react together explosively [13 ] : 

CO + N20 *~ C0 2 + N 2 , ΔΗ
0
 = -87.2 kcal/mole 

We real ize now also the s ign i f icance of water in gunpowder: I t is well known 

that the oxidation of carbon monoxide is catalyzed by water via OH rad ica l s . 

The explosion of black powder can thus be attributed both to an exploding so l id 

KSN02 and an exploding gas mixture Ν?0 and CO. I t is worth noting that, re la t -

ing to equal gas volumes, more energy is supplied by the reaction of dinitrogen 

monoxide with carbon monoxide than by the oxy-hydrogen gas react ion: 

1/2 CO + 1/2 N20 1/2 C0 2 + 1/2 N 2 , ΔΗ
0
 = -43 .6 kcal/mole 

2/3 H 2 + 1/3 0 2 - 2/3 H 20, ΔΗ
0
 = -38 .5 kcal/mole 

Dinitrogen monoxide can be regarded as the ozone of the chemistry of n i t ro-

gen (see Table 2 ) . 
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TABLE 2 

Thermodynamical data 

Δ Η
0 

[kcal/mole] 

A Co 

[cal /K-mole] 

°3 — °2 
+ Ο 25.16 30.94 

N20 —
 N

2 
+ 0 39.67 31.64 

N02 —*~ NO + 0 72.67 31.34 

c o 2 — CO -Ι- 0 126.79 34.70 
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