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			INTRODUCTION

			The teaching of chemical equilibrium requires that teachers have a thorough understanding of this concept and they know its use to predict the evolution of chemical systems. Recent studies have shown that even many teachers seem not able to predict the evolution of a system that has undergone a certain type of perturbations.1,2 The improvement of this situation could go through a deeper insight into the historical evolution of scientific concepts and this would have inevitable consequences on teaching teachers. The history of science allows us to understand how concepts and a rational approach to the investigation of nature and matter developed. Only the naive may think that this process was linear and obvious. Scientific activity is littered with failures, errors, enormous conceptual difficulties and fruitless roads. Scientists have made an immense effort to conceive what today we can study, appreciate and use. Scientific knowledge is not a revelation, but a difficult production of the human mind, which had to deal with problems, questions and conceptual obstacles. Gradually, scientists have found shared answers to many questions. It is therefore surprising that even today the teaching of science is carried out only by simple exposure - oral or written - of models, theories, definitions and formulas. In many textbooks, any intrinsic difficulty of scientific knowledge is missing, knowledge that they present is axiomatic, dogmatic and unproblematic. Everything seems clear and linear.

			It is often stated that teachers should become learning facilitators. This cannot be achieved as long as the teachers are not faced with the epistemological status of the concepts they want to teach. Instead, they should ask themselves why the community of scientists has built some models and used them to represent, describe and predict phenomena, both natural and artificial (the latter in the sense of man-made). Given the time available for the development of school curricula, teachers often work with learning misunderstandings. It is therefore necessary to design and implement educational activities that enable students to take gradual control of knowledge to be learnt.  Concretely, we can achieve this goal by adopting a lesson based on problem situations, which must be proposed and solved by the students, helped and guided in reasoning from questions raised by the teacher. Students should be actively engaged in discussions, so that they can put into practice the knowledge they already possess. The resonance between the teaching-learning activities and the activities of scientists, which proceed by trial and error, can lead students to grapple with problems that identify solutions; they should be directly involved in the learning process and not confined in the role of passive receivers of knowledge. In fact, they should reflect personally, argue among themselves and with the teachers and finally reach shared conclusions in accordance with expert knowledge.

			The goal I have tried to achieve during my PhD experimental thesis in the field of Chemical Education was to testify that it is possible - starting by the history of science and difficulties of student’s learning – to design, investigate and improve innovative experimental didactic approaches for the teaching of the concept of chemical equilibrium. This is an attempt to show how it is possible to do engineering didactics for the emancipation of the activity of teachers: from simple loudspeakers of the scientific propositions to promoters of scientific knowledge.

			The development of chemical knowledge is a process that takes place through the construction of concepts, models and of a specific language, both symbolic and mathematical. Moreover, the concepts of chemistry are closely interlinked: the specific meaning of each of them is largely determined by the nature of its connection with the others. The relationships between concepts have the same importance of the concepts themselves, as they largely determine the context in which each concept takes on its own specific meaning. The concept of the chemical equilibrium is one of the most important integrators and unifying concepts of chemical expertise. It is an integrator concept because it allows establishing relationships between various concepts, which relate to different areas of chemistry (thermodynamics, kinetics, structure of matter, etc.), at different levels (macroscopic, microscopic, symbolic). It is a unifying concept because it allows to overcome the distinctions between various chemical phenomena generally taught separated one from the other (acid-base, oxidation-reduction, the formation of complexes and precipitates, reactions of hydrolysis and esterification).3 Therefore, the concept of chemical equilibrium is a central and complex concept in chemistry and it is very important for the chemical knowledge. Unfortunately, it is one of the most difficult topics of a course in chemistry: this is also stated by the research of various authors on the learning difficulties of secondary school and university students2,4 The teaching of chemistry in secondary schools too often opts for an artificial fragmented curriculum in which the concepts are reduced to objects of independent study, in the form of definitions that involve overlapping notions. Under these conditions, are students able to grasp the concepts in the context of the network, i.e. the context that allows you to make sense of them? Are they able to activate their knowledge to deal with problem situation ever faced before? 

			At all levels of schooling, most of the students try to understand chemistry, but they frequently have great difficulty and many will give up. To overcome tests and examinations, these students choose to rely on mnemonic learning of definitions and algorithms, without reflecting on their range of validity. Many researches have highlighted the difficulties students meet in learning the concept of chemical equilibrium.1,5-8 A number of studies have identified alternative conceptions and learning difficulties of students of secondary school and university. These studies indicate that students are often able to solve exercises on the chemical equilibrium, however - frequently - using algorithms learned mnemonically and performing them in a mechanical way, do not demonstrate a true understanding of the concepts. In fact, faced with a difficult question, their reasonings are stuck and have inadequate outcomes. The searches are usually accompanied by indications for teachers to help them to overcome the difficulties associated with the teaching and learning of this difficult topic. In some cases, the suggestion is to give greater importance to the quantitative aspects of balancing chemical equation and a number of case studies used to illustrate the Le Châtelier’s Principle, the potentials of computer simulations, and the increased use of the laboratory in order to provide students with practical situations learning. However, these indications do not appear sufficient to promote learning and understanding the concept of chemical equilibrium. In other words, it is suggested to use a historical-epistemological approach to design and implement educational activities.9-11 The research in chemistry education presented here is inserted in this area. To improve the learning, we believe that a more comprehensive educational intervention is required, which: 

			
					Takes into account the pre-existing cognitive matrix of the students.

					Predisposes learning environments that encourage students to think, placing them in an active situation. 

					Uses problem situations, or matter of discussion, as adequate empirical referents to model. 

					Includes reflection activities in order to consolidate the new acquisitions and actively promote the future ones.

			

			The historical research on the evolution of the concepts allows to properly design a teaching sequence, to clarify issues, contexts of meaning and empirical referents on which a chemical knowledge is based. The congruence of educational activities with the historical evolution of the concept of chemical equilibrium enables students to place the concept in a meaningful context. The awareness that the approach of the scientists is not made up of a set of fixed rules that produce absolute certainty, should allow - for those planning a teaching sequence - to propose an adequate vision of science as a process of knowledge from which dogmatism is excluded. 

			The coherence of mode of carrying out teaching activities with the activities of scientists, which proceed by trial and error, should lead students to face with problems that identify solutions. They are directly involved in the learning process and not confined to the role of passive receivers of knowledge. Therefore, the track that has been followed for the activity of educational research on the chemical equilibrium, which is detailed in this PhD thesis, is as follows: 

			1. Study of literature in historical and epistemological development of the concept of chemical equilibrium. 

			2. Identification of more widespread learning difficulties and alternative conceptions. 

			3. Drafting of reference models, articulated on different conceptual levels (macroscopic and microscopic). 

			4. Implementation of a teaching sequence based on previous points. 

			5. Experimentation in the classroom of the designed teaching sequence. 

			6. Evaluation of the results of learning. 

			7. Evaluation of Teaching (performed by the students). 

			8. Analysis of the results of evaluation of teaching and learning. 

			9. Processing the conclusions.

			In particular, the design and realization of the teaching sequence has mainly taken into account the following aspects:

			1. Historical and epistemological evolution of the concept of chemical equilibrium. 

			2. Alternative conceptions of students and learning difficulties. 

			3. Need to put the student at the centre of the learning process (learning to learn).

			In fact, the analysis of research that highlights the students’ conceptions, has allowed the identification of obstacles that students must overcome in order to learn the concept of the chemical equilibrium in an appropriate manner. This helped us to choose the questions to be included in the teaching sequence, with the goal of allowing students to face the obstacles and shoot them down with cooperative work of knowledge building. To this aim, it seemed convenient to adopt a teaching strategy both plausible from the epistemological and the pedagogical point of view. From the epistemological point of view, the teaching approach refers to the strategy of scientific inquiry, in which scientists proceed, subsequently, to define a problem, to represent it using a model, to formulate hypotheses and design a research plan, to verify the plausibility of the model adopted. From the pedagogical point of view, we refer to the allosteric model, 12 which states that learning is a process of construction and reconstruction of their mental structure, during which students test new ways of thinking and face the risk of making mistakes. The experimentation of the teaching sequence involved three classes of the fourth year of Liceo Scientifico Tecnologico – Progetto Brocca, and took place during the school years 2010/2011, 2011/2012 and 2012/2013.

		

	
		
			SECTION A - DESIGNING THE DIDACTIC APPROACH

			1. EPISTEMOLOGY AND HISTORY OF CHEMISTRY

			1.1 EPISTEMOLOGY, HISTORY OF SCIENCE AND LEARNING 

			The attention of science to philosophy and history in planning a didactical approach is based on the idea that there is a relationship between the difficulties that scientists have met in the course of their research and the cognitive development of students who learn science. Besides this, other benefits would result from a historical-epistemological approach in enabling students to reflect on the true nature of science and to develop critical thinking. Such an approach can provide teachers with practical suggestions in accomplishing teaching activities based on problems that have real meaning.9, 10, 13-16

			The relationship between history of science and psychology of learning has been detailed in a work which was meant to apply the methods of cognitive science to the study of processes that lead to scientific knowledge.17-19 The idea that the theory of knowledge is related to the history of knowledge, dates back to the philosopher Hegel: in 1806 he expressed his beliefs in the first pages of The Phenomenology of Mind.9 
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			Many years later, in 1970, in Genetic Epistemology Piaget (1896-1980) says: 

			“The fundamental hypothesis of genetic epistemology is that there is a parallelism between the progress made in the logical and rational organisation of knowledge (history of science) and the corresponding formative psychological processes”.20
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			To summarize the outcomes of discussions started by Piaget,9 it can be said that the children seem to have the naive  foreknowledge, concerning for instance the ideas of force and motion, which mirror those of Aristotelian dynamics. In addition, if in biology students may propose teleological explanations, in the field of chemistry they can say that gases have no mass. The latter problem has been reported in a research carried out on adolescent students who have studied chemistry for five years.21 The persistence of naive conceptions even after several years in school, indicates that the epistemological discontinuity between the ideas of common sense and spontaneous conceptions on one hand and the scientific concepts on the other hand cannot be neglected and require ad hoc didactical activities. 

			In order to show that science is a human enterprise and to prevent it from spreading a non–scientific attitude (for example, the belief that scientific knowledge is unchangeable and therefore absolutely “true”), we must avoid the teaching of science only as a product (models, theories, procedures), but also as a process: this is very tiring for the acquisition of new knowledge and always full of mistakes and missteps. Consequently, to avoid excessive reverence that sometimes can be developed with respect to scientific concepts, scientists and their achievements, it is also necessary that the historical dimension and irreducible variable could emerge: 10 only in this way, students can get a better idea about the true nature of science, without unnecessary and harmful mythicization. 

			The acquisition of critical thinking also involves the awareness of unsuitability of their way of understanding the real world, so the main goal of teachers should be to facilitate the improvement of students’ ideas. By abandoning the common sense ideas, they can learn more complex and more formal scientific concepts and strategies. The coherence between the educational activities and the activities of scientists, which proceed by trial and error, should lead students to deal with issues of real significance. 

			1.2 THE DANGERS OF THE HISTORICAL AND EPISTEMOLOGICAL APPROACH

			The use of history of science for educational design is not without risks. The problems that may arise, reported by some authors, are two: 

			(a) in the science courses there is a risk of treating pseudo-history; 

			(b) the history of science may undermine confidence that students have in science.9 

			The first problem derives from the fact that the goal of the professional historian does not coincide with that of those involved in teaching; therefore, the selection of information as well as their use, by those involved in didactic, could distort the effective unfolding of the events that teachers should use in the classroom. Such a critique is not without foundation. Actually, the historical reconstruction certainly reflects the convictions, even epistemological, of those who deal with it, and can lead to unfounded stories.9, 22, 23 The profession of the historian of science is complex. The historian must select materials and sources, frame information and identify the reasons that have caused the scientific change. In all of these tasks his ideas will be particularly relevant in terms of philosophy of science, in fact, as many people claim, “if the philosophy of science without history of science is empty, the history of science without philosophy of science is blind”.9

			As for the specific chemical field, another question arises. If the history of chemistry has been used to improve the teaching, the reflection on its philosophical dimension seems to have not yet received the necessary attention.24 The reflection on the epistemological status of chemistry, as well as other sciences, has its repercussions on teaching. A secondary question, on which it is necessary to reflect, regards the reductionist context in which chemistry is considered to be subordinated to physics. This attitude has obscured the profound differences between different scientific disciplines. To realize this, you just need to reflect on the use of categories in chemistry (substance, element, acid, base, etc.), which does not find an identical parallel in physics. If in physics there is a tendency to the quantification of physical phenomena, in chemistry - but also in biology - there is a tendency to the classification.24 Obviously, the case of physical chemistry may be the classic example that confirms the rule. The second problem, also proposed and discussed by researchers of the value of Kuhn, would be the use of history itself. The history of science could weaken the motivation of those who start to study science. Their arguments are based on the consideration that showing the mutability of science as well as the status of provisional truth of his theories and models may be counterproductive.9 Actually, it is only by addressing problems of this kind that we can help students to broaden their understanding, as Matthews writes effectively: 

			“The hermeneutical problem of interpretation in the history of science, far from being an embarrassment or impediment to the use of history, can be the occasion to introduce students to the significant questions of how we read texts and interpret events, to the complex problems of meaning: students know from their everyday life that people see things differently, the history of science is a natural vehicle for illustrating how this fact impinges on science itself”.9
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			Finally, it is important to remind that, for the design of teaching activities discussed in this work, the use of a historical-epistemological development of chemistry will not lead students to retrace faithfully the history of chemistry, but to accomplish an effective teaching activity. The most important consequence of such use is to engage students in the resolution of questions that stimulate their mind, questions that put at stake what they know to come to new acquisitions. Obviously, it is necessary that the required tasks possess a real meaning, which we can find in the historical pathway that led to the definition of the concepts to be learned. 

			1.3 STRATEGY OF SCIENTIFIC RESEARCH AND DIDACTICS 

			Very frequently, textbooks illustrate the scientific method as series of defined steps: observation, hypothesis (generated from observation), experiment, results and conclusions. The vision of science that emerges is the dominant one in science teaching at school. It is a concept that goes back to empiricism and positivism, according to which the facts are placed at the beginning of scientific knowledge and the observation of phenomena is the main criterion to collect the objective facts. In fact, such an approach would really occur in some situations, such as for example one in which a doctor is observing the symptoms of a patient to identify the disease. However, a single symptom does not belong to a single disease; in fact, different diseases may have similar symptoms. Many years of study and clinical practice are required to carry out an effective diagnosis, and only an experienced doctor will be up to the task. This indicates that the good doctor’s observation depends on what is already known and therefore its observation is not pure or free from preconceptions. The exposure of the observation problem has been addressed by many authors.25, 26.  With this regard, Popper writes: 

			“The belief that science proceeds from observation to theory is so widespread and so ingrained that denying it arouses disbelief. However, the idea that it is possible to start only from observations, without the intervention of anything like a theory, it is absurd. To show this point to a group of physics students, I began a lesson with the following instructions: “Take a pencil and paper, carefully observe and record what you have observed”. Of course, the students asked what I wanted they observe. It is clear that the delivery of ‘observed’ is absurd. Observation is always selective. It needs a certain object, for a specific purpose, a point of view, or a problem. It is undeniable that every hypothesis taken into consideration will have been preceded by observations, for example, the same ones that the hypothesis must explain. However, these in turn presuppose the adoption of a framework, a grid of forecasts, a theoretical framework”.27
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			In the head of the doctor, there are models of disease, to which the interwoven sets of symptoms refer. To better reflect, the doctor begins his activity because there is a suffering patient, that has a problem to solve, and therefore, instead of teaching that scientific knowledge depends on the application of a scientific (or experimental) method always valid, it would be better to offer educational activities in accordance with what today is considered most probable. Based on the available knowledge, detailing the processes through which new acquisitions are elaborated, we may assume that the research activity is scientific, when it follows, or at least tries to follow, these steps: 28, 29

			
					Clearly formulating a new problem or deal with an already well-known problem in the light of new knowledge. 

					Finding knowledge, tools and procedures concerning the problem. 

					Finding the resolution of the problem by using the resources found and if this is not possible, proceeding to the next step. 

					Inventing new hypotheses, models, theories and techniques or producing new experimental data in order to solve the problem. 

					Proposing a solution, even approximate, of the problem with the resources available. 

					Evaluating the consequences of the solution obtained. Identifying the predictions that the new model, or theory, allows you to elaborate, or examining the consequences that any new data can have for models, or theories. 

					Evaluating the solution obtained by comparing it with the set of theories and relevant empirical information. If the result is satisfactory, then the research can be considered finished. If the result is not satisfactory, we must proceed to the next stage. 

					Changing the assumptions, models, theories and procedures used in obtaining the solution if it is not satisfactory. Thus, a new cycle of research will began.

			

			The steps listed should not be construed so rigidly, because in fact they identify a scientific attitude that researchers assume in the course of research. None of the individual steps ensures the progress of science, because there is not a full and infallible one for the production of scientific knowledge. In this sense, the term scientific method, or experimental method, is misleading and therefore at school it would be more correct to use the term strategy of scientific research. This strategy of scientific research is significantly different from the one commonly proposed in textbooks and reflects what was said in the course of contemporary epistemological debate. 

			The teaching sequence presented in this work is based on the idea of science that emerges from what has been said previously the above statement, therefore, it is organized in activities aimed at learning the concept of chemical equilibrium and at the same time, provides students with problem situations giving them the opportunity to reflect and propose their own solution strategies. It is therefore a strategy of teaching obviously prescriptive for the results it intends to achieve, the learning of the concept of the chemical equilibrium, but it is very flexible for a chance to conceive, propose and discuss solutions to the problems that gradually must be faced.

			2. HISTORICAL DEVELOPMENT OF THE CONCEPT OF CHEMICAL EQUILIBRIUM

			The objective of this chapter is the exposure of the historical route that led scientists to define the concept of state of chemical equilibrium. The reconstruction of such path is not always easy because there are various areas of chemistry and physics involved in the definition of the concept of equilibrium. There is scarcity of publications on the subject matter and they deal exclusively with the essential lines.30

			2.1 A ROUTE BACK: FROM THE CHEMICAL POTENTIAL TO EMPEDOCLES

			The efficacy and clarity to the historical framing might depend on an initial exposure, and backwards, on the process of elaboration of the concept under discussion. In fact, a concise narration that starts from what the reader knows and move to what the reader could ignore, provides with an overview that circumscribes and clarifies the aim of discussion. After defining schematically the general characteristics of the subject matter in a historical study, it should be easier to identify the overall sense of the problems discussed. The propositions concerning the development, in reverse, that have led to the concept of state of chemical equilibrium, are shown below from the nearest in time to the farthest, point by point.

			
					
A chemical system in equilibrium conditions satisfies the following condition:∑ʋi µi= 0, where ʋi represents the stoichiometric coefficient of the species i and µi represents the chemical potential.


					A chemical system in equilibrium conditions is a system in which, at microscopic level, the rate of the direct reaction equals the rate of the opposite reaction.

					In a chemical system at equilibrium, the concentrations of reactants and products are stationary and different from zero.

					A chemical transformation can be accomplished in the opposite direction. The chemical species, which in a sense are identified as reagents, in the other are considered products, and vice versa.

					The chemical transformations may be incomplete. The incompleteness can be explained assuming that the quantity of the substances involved are modifying the mutual affinity (Berthollet).

					The affinities between the substances can be explained by taking into account the forces of attraction or repulsion between the particles of the substances themselves. These forces, differently from gravitational, magnetic and electric ones, act on a short distance (Newton).

					We can explain the chemical combinations assuming that the substances have mutual affinity and variable degree depending on their nature.

					
The tendency of matter to aggregate and disaggregate leads to the obtainment of mixtures, compositions, etc.: “... the mixture is the complete interpenetration of two or more bodies which preserves the properties of each. ... The composition of two or more qualities is instead the transformation of bodies that gives rise to different qualities from the initial ones, ... “ (Stobaeus).


					The tendency of matter to aggregate and disaggregate can be explained assuming that the atoms, of which the material itself is formed, are provided with a natural and incessant movement (Democritus).

					
Four roots, or principles, such as “earth, water, fire and air” together with two other “love and strife” may explain the multiplicity and the becoming of the world (Empedocles).


			

			2.2 FROM EMPEDOCLES TO THE ALCHEMY

			In the philosophy of Empedocles (V century BC.) we can trace an attempt to explain the origin of things and their changes, and in this idea we can recognise- even with due historiographical  caution - the primordial seed of what we now think about the transformations of matter.2 Empedocles is confident about the possibility on the part of the human intellect to understand the world and this is because the man was conceived as a consequence of the world itself, who shares its nature and therefore subject to the same actions. We can assume that, in his vision, the problem of difficult relationship with the real, not a negligible question for other philosophers, was exceeded. The title of the poem that Empedocles wrote, On Nature, shows us precisely one of the areas on which he sought to speculate. The interest in nature and its manifestations were typical of the place where he lived, Sicily. The need of the philosopher of Agrigento to see the world in its entirety required the overcoming of the tension between the heterogeneity of its sensible manifestations and the need to form a thought suitable to grasp the assumed unit. This unit could be deduced considering the periodic aspects (phases, cycles, anniversaries, etc.), the perceived reality, that leads to the pursued unitary structure. In this sense, it was possible to give an account both on the unity and multiplicity of the world.31 The outcome of the speculations of Empedocles was the conception of a world generated by the simultaneous action of four roots, earth, water, fire and air (later called elements by Plato), together with two others, love and strife. It should be noted that this doctrine, as a whole, could be considered a precursor of chemistry - as it has been hinted at the beginning of the paragraph – if you take into account that these roots were also considered of a divine nature.31,32 The actions of love and strife can be described as follows: love causes the attraction between what is different. By determining the mixture of the four roots, agglomerated homogeneous conglomerates originate i.e. the four roots are mixed together. Strife causes the attraction between what is equal. By determining the separation of a homogeneous agglomerate, the four pure roots can be obtained, namely the four roots are unified in themselves. In the time in which love is entirely imposed, the four roots of earth, water, fire and air are homogeneously commingled and the Sphero is obtained, whose peculiar feature is the perfect uniformity. When strife begins its work, the complete unity of the Sphero is violated and the division of the four roots begins. After reaching the middle of the complete separation of earth, water, fire and air, we come to things, as we know them. Proceeding further the action of strife, everything dissolves in the attainment of absolute chaos. Reached the chaos, it is love that determines the return to the sphero. The further intermediate phase is presented as a new formation of the world as we know it.31, 33

			The development of scientific thought in the modern era implies the discussion of the philosophical system of Democritus (V century BC.). In fact, by imagining the existence of atoms, he claimed a discontinuous vision of the matter and its interpretation in mechanistic terms. As the atomistic perspective was characteristic of Democritus of Abdera and given the limited objective of the present work, it is possible to omit the thought of Leucippus. 
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			The reason why Democritus proposed a discontinuous vision of the matter should be identified in an attempt to overcome the complications posed by Anaxagoras and Zeno, about the “infinite divisibility of geometric quantities”.31 This question can be summarized as follows: if a segment is infinitely divisible then it is composed of infinite points. If these points have an extension other than zero, then the segment has infinite extent. Otherwise, if these points have an extension equal to zero, then the segment has no size. Obviously, the two conclusions are in contradiction. Democritus resolved the contradiction by introducing the distinction between mathematical and physical subdivisions. The first is not related to the physical reality, while the latter relates to the physical reality and is eligible because the divisibility of matter can be experienced. However, the divisibility of matter cannot go on indefinitely, because – otherwise – the matter itself would vanish into the nothingness. Thus, the philosopher introduced the concept of  atom - indivisible, immutable, impenetrable and eternal - as a portion of matter and the ultimate limit to his divisibility. Democritus was then able to give an account of the genesis, death, change and diversity of things. In fact, the atoms, having shapes that can be adapted to each other (concave, convex, hooked, etc.), and being in continuous movement (without cause), can be joined, separated and arranged between them in various ways. At this point, we must report what Aristotle wrote in a passage in his Metaphysics: 

			“..., Democritus and Leucippus say that the differences of the elements [of the atoms] are the causes of all the others. They also say that there are three of these differences: the figure, the order and location. The being in fact - they specify - differs only in proportion to contact and direction. The proportion is the form, the contact is the order and the direction is the location. In effect, A differs from N for the shape, AN from NA for the order, while Z differs from N for the location”.34
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