
One of the few books dealing with the history of 
chemistry to include a detailed discussion of the law of 
the conservation of mass is the classic 1904 study of 
chemical composition by Ida Freund (1). As she 
pointed out, conservation of matter was assumed by 
many ancient philosophers, but almost none of them – 
with the possible exception of the Epicureans – took 
weight or mass to be a measure of the quantity of mat-
ter present and were thus able to formulate conserva-
tion of weight or mass as a logical consequence of the 
conservation of matter (2, 3).
	
 It was only with the gradual quantification of 
chemistry in the 18th century that conservation of mass 
became a fundamental chemical principle. As Freund 
noted, its validity was implicitly assumed throughout 

the century by such chemists as Black, Cavendish and 
Lavoisier, though none of them bothered to explicitly 
articulate it as a working assumption (4). Indeed, she 
would go further and argue that many of their quantita-
tive experimental results were implicit confirmations of 
the law even if they were not performed for the express 
purpose of testing it. To this list of implicit confirma-
tions she would also add the work of Stas and Mosley 
in the 19th century. 
	
 It was not until 1893 that the Swiss-German 
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Figure 1. Hans Landolt
(1831-1910)

Figure 2.  A highly stippled photo of Landolt’s balance with 
two of his counterpoised reaction tubes (7) – the one on the 
left before reaction and the one on the right  after reaction. 
The tubes were always weighed against one another in pairs 
to compensate for air buoyancy.



physical chemist, Hans Landolt (figure 1), would un-
dertake a series of experiments designed to explicitly 
test the law (5, 6). Using a specially designed balance 
(figure 2) that was sensitive to 10-5 grams (7) and her-
metically sealed reaction tubes (figure 3), Landolt 
tested four different reaction systems for conservation 
of mass:

a.	
 The reaction between iron sulfate and disilver sul-
fate to produce silver and diiron trisulfate, where the 
act of reaction was visually indicated by the formation 
of a silver mirror:

2Fe(SO4)(aq) + Ag2(SO4)(aq) ➝ 2Ag(s) + Fe2(SO4)3(aq)  

b.	
 The reaction between hydrogen iodate and a sulfu-
ric acid/potassium iodide mixture to produce diiodine, 
potassium hydrogen sulfate, and water, where the act 
of reaction was visually indicated by the formation of 
the brown color of aqueous diiodine:
  
H(IO3)(aq) + 5H2(SO4)(aq) + 5KI(aq) ➝ 
                                3I2(aq) + 5K(HSO4)(aq) + 3H2O(l)

c.	
 The reaction between disodium sulfite and diio-
dine to produce sodium iodide and disodium dithonate, 
where the act of reaction was visually indicated by the 
disappearance of the brown color of aqueous diiodine:

2Na2(SO3)(aq) + I2(aq) ➝ 2NaI(aq) + Na2(S2O6)(aq)

d.	
 The reaction between chloral hydrate and potas-
sium hydroxide to produce chloroform, potassium 
formate, and water, where the act of reaction was visu-
ally indicated by the formation of a water-insoluble 
chloroform layer:

CCl3CH(OH)2(aq) + K(OH)(aq) ➝
                                                    HCCl3(l) + K(CHOO)(aq) + H2O(l) 

The differences in mass before and after reaction were 
found to always be of the order of between 10-4 and 10-6 
grams and hence were the possible result of experi-
mental error, leading Landolt to conclude that (6):

None of the reactions employed show a certain change 
of weight. If such changes should after all occur, they 
must be so small as to be of no practical importance to 
the chemist.

Demonstrations and Student Experiments

Ostwald, in his popular textbook on inorganic chemis-
try, described two methods of demonstrating the law of 
conservation of mass to students (8). The first consisted 
of electrically igniting and burning a small amount of 
phosphorus in a sealed flask of air (figure 4):

P4(s) + 5O2(g) ➝ P4O10(s)

and weighing the apparatus before and after the reac-
tion had occurred and the flask had cooled back down 
to room temperature. 
	
 The second involved the reaction between two   
solutions, one of which was placed in an Erlenmeyer 
flask and the other in a small test tube that was care-
fully lowered into the flask before sealing the system 
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Figure 4.  Ostwald’s demonstration of the conservation of 
mass during the combustion of red phosphorus. The reaction 
was initiated using an electrically heated wire.

Figure 3. Ostwald’s diagram of one of Landolt’s hermeti-
cally sealed reaction tubes (8). The two reactants, A and B, 
were in separate arms of the tube prior to inversion to initi-
ate the chemical reaction. As can be seen in figure 2, the    
actual tubes more closely approximated an inverted U than 
an inverted V.



with a cork (figure 5). After initially weighing the sys-
tem, the flask was shaken so as to upset the test tube 
and allow the two solutions to mix, following which 
the system was once more weighed. This was one of 
several students experiments illustrating the law of the 
conservation of mass that was adopted by Freund in 
her posthumously published laboratory manual for    
introductory chemistry (9). Ostwald suggested seven 
different color and/or precipitation reactions that could 
be used in this apparatus, three of which were versions 
of those originally used by Landolt. Of these, Freund 
used Ostwald’s modification of Landolt’s first reaction 
(with silver nitrate in place of silver sulfate). 
	
 In my own chemistry course we did this experi-
ment as a demonstration, but substituted a short, flat-
bottomed vial for the test tube and the reaction be-
tween potassium iodide and lead diacetate to produce  
potassium acetate and a bright yellow precipitate of 
lead diiodide as our test system:
 
2KI(aq) + Pb(C2H3O2)2(aq) ➝ PbI2(s) + 2K(C2H3O2)(aq)

The flask, which was sealed with a rubber stopper, was 
weighed before and after the reaction on an electronic 
top-loading centigram balance whose scale readings 
could be viewed using an overhead projector. In keep-
ing with the choice of balance, agreement was only 
±0.01 grams but was sufficient for classroom use. 

The Irrelevance of Relativity Theory

Freund prefaced her discussion of Landolt’s work with 

a discussion of how one could tell the difference be-
tween a true detectable deviation from a given law and 
the inevitable presence of experimental error, arguing 
that in the latter case the deviations would show a ran-
dom mixture of positive and negative values. In fact 
this was not true of several of Landolt’s results which, 
in the case of reactions a and b, showed only negative 
deviations. 
	
 As Nernst noted in an 1895 review of Landolt’s 
paper (10), it was motivated by two previous publica-
tions – a book by the Swiss botanist, Carl von Nägeli 
(11), in which he suggested that deviations from the 
conservation mass might occur due to the disengage-
ment and/or entanglement of some of the luminiferous 
ether in the molecules of the reacting chemicals (as-
suming, of course, that the ether had detectable mass), 
and an 1891 publication by Kreichgauer (12) in which 
he claimed to have detected deviations from conserva-
tion of mass for the two reactions:

Hg(l) + Br2(l) ➝ HgBr2(s) 

Hg(l) + Cl2(l) ➝ HgCl2(s) 	

	

Even after the publication of Landolt’s paper, contro-
versy over the law continued, most notably in publica-
tions by Haensel, Heydweiller and by Sanford and Ray, 
as summarized in the overview account by Jammer (13).	

	
 Finally, near the end of his life, Landolt decided  
return to the subject once again in an attempt to resolve 
the controversy over the law’s validity by solving the 
paradox of the uniform negative deviations observed 
for his first two reaction systems. After painstakingly 
careful measurements, he concluded that these were 
due to the finite, albeit rather small, heats of reaction 
having both evaporated absorbed water on the outer 
surfaces of the reaction tubes and slightly expanded the 
tubes themselves, thus creating an additional buoyancy 
contribution as well (14). 
	
 Though not considered by Landolt in 1910, a mod-
ern reader might well wonder whether the effects of 
special relativity theory and the so-called interconver-
sion of mass and energy might better account for his 
negative mass deviations. In answering this question, 
we need to remind ourselves that a highly energetic 
phase change may release as much as 5 x 101 kJ/mol rx 
and a highly energetic molecular or chemical reaction 
as much as 1 x 103 kJ/mol rx, whereas a typical nuclear 
reaction may release as much as 2 x 1010 kJ/ mol rx or 
about 2 x 107 times as much energy as a strongly 
exoenergetic chemical reaction.
	
 Most popular accounts of nuclear reactions incor-
rectly imply that this enormous energy release is due to 
the fact that nuclear reactions, unlike chemical reac-
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Figure 5. Freund’s depiction of Ostwald’s experimental setup 
to  test the conservation of mass in chemical  reactions be-
tween solutions, used in this case as a student experiment. 
Initially (left) reactant A is in the test tube and  reactant B in 
the flask. After shaking (right) both reactants are in the flask 
where they react with  one another. The string on the test  tube 
was used to lower it into the flask prior to corking. The 
masses of the sealed flask system before and after the reac-
tion are then compared. 



tions, involve the interconversion of matter and energy 
in accord with Einstein’s famous equation:
E  =  mc2	
                                                              [1]

In fact what Einstein’s equation tells us is that every 
time an open system absorbs energy, its mass increases 
and every time an open system releases energy, its 
mass decreases, irrespective of the nature of the energy 
in question. If I pick up a chalk eraser and throw it 
across the room, the flying eraser has a greater mass 
than the eraser at rest by an amount proportional to the 
amount of energy that I added to the eraser when I 
threw it.	

	
 What Einstein’s equation is saying is that the pro-
portionality constant between the change in energy and 
the change in mass is inversely proportional to the 
speed of light squared (c2):

(Δm) = ΔE/(c2)	
                                                   [2]
	

This latter quantity is an extremely large number equal 
to 9 x 1010 when ΔE is measured in kJ and Δm is 
measured in grams:

(Δm) = ΔE/(9x1010kJ/g)	
                                        [3]

and equation 3 clearly shows that even a very large 
change in energy produces only a minuscule change in 
mass (Table 1). 
	
 In everyday mechanical changes (e.g., accelerat-
ing and deaccelerating cars) or in typical phase and 
chemical  or molecular reactions, the amount of energy 
that is released or absorbed produces a change in mass 
that is so tiny that it cannot be detected using normal 
balances and scales and thus, for all practical purposes, 
mass appears to be separately conserved in these 
changes (16). In contrast, the enormous energy changes 
accompanying nuclear reactions produce detectable 
changes in mass, a fact which has led to the mistaken 
idea that only these mass changes are due to the con-
version of mass into energy. However, just as the en-
ergy changes in phase reactions are due to a change in 
the electrostatic intermolecular interactions and the   

energy changes in molecular reactions are due a 
change in the electrostatic interatomic interactions, so 
the energy changes in nuclear reactions are actually the 
result of the competition between the attractive nucleon- 
nucleon interactions (due to the nuclear strong force) 
and electrostatic proton-proton repulsive interactions.
	
 Thus we arrive at a conclusion identical to that 
given by Jammer nearly 60 years ago in his classic 
study of the concept of mass (13):

Today we know undoubtedly that no ordinary weighing 
procedures were, or even at present are, sensitive 
enough to show the mass or weight [change] corre-
sponding to the heat of reaction,  Q, in a chemical reac-
tion.  In fact it was instrumental errors and errors in 
method that were responsible for the suspicions enter-
tained as to Lavoisier’s law [i.e. the conservation of 
mass] at the turn of the century.
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Table 1. Some typical relativistic mass changes.
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