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Abstract

:

The objective of this study was to deepen our comprehension of how children develop understanding in the field of science, particularly in chemistry. Using the framework theory as a theoretical lens enabled a focus on emergence as a dynamic change and transition. According to the framework theory, children’s science learning involves a wide range of intuitive and counterintuitive scientific concepts related to ontological and epistemological perspectives. How children transition from everyday to scientific thinking during their early years of education is influenced by ontological and epistemological stances. The objective of this study is to introduce science content—including chemical concepts to preschool children—by utilizing a play-based learning approach in a longitudinal study. The exploration of verbal and non-verbal material, specifically pertaining to chemical content and individual differences, involved implementing educational experiments and real-life or animated zooming-in videos. The results indicated a well-established physical ontological framework utilized for the systematic interpretation of submicroscopic phenomena.
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1. Introduction


In the past decade, there has been a growing emphasis on incorporating natural science into preschool education. Both educational researchers and practitioners have shown increased interest in using play-based learning and conceptual play to introduce science concepts. This early exposure to science offers numerous benefits. Firstly, high-quality preschool education is widely recognized as crucial for future academic success [1]. The preschool years also have the potential to shape lifelong learning and are seen as an important part of our cultural heritage [2], making this period an integral aspect of education. Science education in preschool settings serves not only the goal of teaching science but also contributes to various developmental domains. It helps foster social development [3], lays the foundation for language and conceptual understanding [4,5,6,7,8,9,10], enhances motor skills [3], and supports problem-solving abilities [11,12]. Additionally, there are equity goals in science education that aim to empower children with knowledge and enable them to make informed decisions for a sustainable society [13]. Early exposure to science also aims to create positive associations with the subject, catering to children’s curiosity and fostering their interest and positive attitudes toward science in their early education [14,15,16,17,18,19]. These positive associations are considered crucial not only for future formal learning but also for later informal science education [20].



1.1. Chemistry in Preschool


Research studies in natural science didactics have primarily focused on the fields of physics and biology. This is because phenomena within these subjects are naturally embedded in children’s everyday lives and easily pique their curiosity. Many biological and physical phenomena can be directly experienced, and their causes can often be deduced and predicted. However, chemistry faces a unique challenge as it offers a relatively limited number of everyday encounters, which are not always apparent. Furthermore, understanding the causes behind chemical phenomena is not easily attainable. While some chemical transformations, like phase transitions and combustions, can be experienced, many ongoing processes are so slow that they are difficult to witness, such as the transportation of matter through natural cycles. One practical way to experience chemistry is in the kitchen, where activities like mixing, stirring, dissolving, and tasting provide opportunities to explore chemical phenomena. Unfortunately, the scientific explanation behind these processes, or the reasons behind chemical phenomena, are often ignored or too abstract to explain. This is mainly because understanding these explanations requires comprehending submicroscopic particles and their relative size. In fact, size is a key factor in understanding chemistry. This project investigates how children develop the concept of smallness.



How can we describe the sizes of submicroscopic particles? Since there is no specific language to describe them, the scale of a femtometer (the radius of an atomic nucleus) can only be understood in relation to something else. Unfortunately, the objects we use to determine size quickly become insignificant because we have no real experience with their actual size. If we use numbers to explain the atomic size, most scientific textbooks typically refer to the radii of neutral atoms, considered in their relative isolation. These typically range between 30 and 300 pm (trillionths of a meter). The radii of neutral atoms can also be measured in ångströms, which is a unit for measuring the length of submicroscopic entities. The radii of neutral atoms are between 0.3 and 3 ångströms (10−10 m). This means that the radius of an atom is more than 10,000 times larger than its nucleus [21]. If one cannot fathom the magnitude of 30 trillionths of a meter or something 10,000 times smaller than an atom, numbers quickly become devoid of their true significance. However, the general understanding that atoms are incredibly minuscule is usually enough to grasp most chemical concepts.



Teaching the concept of smallness, as mentioned before, is challenging. Similarly, understanding how we grasp the idea of smallness becomes equally difficult when we rely on our everyday language, which predominantly focuses on macroscopic objects. Describing something as small can be achieved by comparing it to other tiny items, like being smaller than an ant. Alternatively, we can convey the idea by emphasizing that these things are so minuscule that they exist within everything. Another approach is to use intensifiers such as “very small” or, for instance, repeatedly emphasizing the word “tiny” like “tiny, tiny, tiny little ones”.



When asking children what the smallest thing imaginable is, the answers may well be “insect babies”. A grain of sugar viewed through a microscope becomes “dust” and toadstools become “fish”. When a magnifying glass is used to look at a grain of salt amplifying its size, children might describe it as an ice block. This provides some indication about how size is perceived, with the result that the magnifying glass is seen as an item that makes things large instead of as a way to explore small things. When children imagine what something really small looks like, it often results in representations of continuous matter, where they simply see the smaller parts as smaller pieces of the item at hand [22]. In fact, research suggests that children’s sub-microscopic perception can be enhanced with the aid of visual experience that supports their imagination [23]. This previous experience aids their imagination by providing a much firmer basis. The focus of this study is to examine how young children learn the concept of smallness when visual experience is provided and to explore the broader consequences of this learning on their understanding of natural phenomena, like evaporation.




1.2. Conceptual Development and Emergent Science


The process of learning scientific concepts has been extensively studied and is considered a transition from everyday concepts to formally introduced scientific concepts. Intuitive concepts, which are synonymous with everyday concepts, often originate from children’s sense-based observations of their surrounding environment. Through the impact of education, intuitive ideas are influenced by formally introduced concepts. This transition involves expanding the content of concepts and incorporating scientific ideas, all within the context of language and the child’s surrounding culture [24]. This progression is referred to as “emergent science” at the preschool level. Understanding how formally learned knowledge and intuitive ideas interact provides insights into the learning progression [25]. Emergent science emphasizes children’s personal reflections regarding science, without assessing the accuracy of children’s concepts from a strictly scientific standpoint. The emphasis is on the actual process of subject-specific learning. The development of scientific progress depends on various factors, including individual stances and sociocultural characteristics. Motivations, emotional connections, and interests are crucial elements in acquiring knowledge and learning.



Framework Theory


The analysis of the actual changes in emerging science can be approached from different perspectives. In this case, the framework theory is utilized to examine the development of children’s understanding of science. The term “emerging science” is employed to emphasize the focus on the process of change. According to the framework theory, scientific learning arises from intuitive experiences in our everyday lives, which are primarily based on sense-based observations. These intuitive concepts are not separate entities but rather interconnected within frameworks and models that encompass ontological and epistemological concepts. Ontology involves our interpretations of the fundamental nature of reality, while epistemology pertains to our interpretations of the causal mechanisms used to explain a phenomenon. An example of the interrelation between an intuitive concept and its ontological and epistemological aspects can be observed in how children perceive the Earth and its connection to the intuitive concept of up/down gravity. When children are asked to draw the planet, the result is often various interpretations, as depicted in Figure 1.



Research on children’s initial ontology is an ongoing discussion, with researchers making different proposals regarding the number of initial ontological groups [27,28,29,30]. Table 1 presents one of these proposals, which states that children’s early ontology is distinguished by four main ontological frameworks. In the psychological framework, the cause of an object’s change is attributed to intentionality, whereas numbers and words are categorized as two separate elements of reality.



Introducing scientific concepts in a formal manner poses a challenge for children as they try to reconcile their sensory-based ideas with more abstract explanations of their surrounding phenomena. This procedure stimulates broader tectonic shifts in the epistemic and ontological principles of children [31]. As children commence their acquisition of scientific knowledge, the development of synthetic models becomes apparent. These models are a creative blend of intuitive and counterintuitive concepts (see Figure 2 and Table 2). In the framework theory, this change can be described as a progression from intuitive models to synthetic models and eventually to scientific models.



Considerable research has been undertaken on subject-specific learning, and the findings support that initial intuitive concepts are rooted in sensory experiences and vary in their development, depending on the learner and the topic being studied. Moving from intuitive to synthetic models represents both the specific learning pathway in a scientific field and scientific emergence in general. Various learning pathways have been proposed for different scientific subjects as well as for the scientific process itself. One such pathway involves systematic observations that start with the connection between the body and the five senses and then progress toward making predictions, and finally the verification of those predictions [30,32]. This particular learning pathway can serve as a useful tool for moving away from intuitive explanations and toward scientific concepts, including changes in epistemology and ontology [33]. These findings highlight the importance of engaging in scientific activities, acquiring scientific vocabulary, and enabling children to express different aspects of scientific explanations. The developmental process must allow for transferability across different contexts and extended periods of time [30]. This conclusion applies to the development of all subject-specific concepts.





1.3. Emerging Chemistry


There have been suggestions regarding learning pathways or trajectories for various chemistry topics, such as matter or the water cycle. At a broad level, understanding the fundamental aspects of matter involves understanding: (a) structure and composition; (b) physical properties and change; (c) chemical reactions; and (d) conservation [34]. A 2013 study outlined an overarching learning progression for the concept of matter, suggesting that children initially have a continuous understanding of matter, with no identification of its submicroscopic structure. Considering their exposure to education, children afterward reach an intermediate stage in which they recognize the presence of particles but project them with macroscopic attributes, for example, believing that the tiniest parts of a substance hold all of its macroscopic properties such as taste and color [35]. Finally, children recognize that particles make up the substance without displaying macroscopic properties. In this discussion, we will explore the first step in greater detail: particles existing within the continuous substance.



Research findings on children’s understanding of chemical concepts align with the framework theory, emphasizing the importance of sensory-based intuitive concepts. Matter is deeply ingrained in individuals’ lived experiences, and certain research suggests that children’s ideas about the environment are implicit and unquestioned [36,37].



Research studies show that initially, children tend to categorize solid matter based on sensory-motor aspects like color, shininess, and softness [38]. These aspects are also connected to everyday generalizations, such as the belief that a hard, smooth, and transparent object will break when dropped. This sensory-based perception views matter as static, continuous, and uniform, with no empty space between particles, and its identity remains constant [39]. This leads to the conclusion that when an object changes appearance, it does not transform into a different form, but a completely different entity appears. In other words, there is no concept of transformation of matter.



An object’s initial, external characteristics, like its boundedness, solidity, and enduring and distinct properties and functions, become the basis of its identification [40]. Other intuitive concepts related to the properties of matter include mass, volume, and weight, with weight being evaluated based on the feeling of heaviness, while length and volume are assessed based on size. These assumptions lead to the association of mass, volume, and weight οnly with large and visible objects. Simultaneously, objects of small size, like a small piece of plasticine, are not perceived as having mass, volume, or weight [41,42]. The attribute of solidity for objects is determined using everyday criteria such as hardness, durability, and resistance to cracking [43]. Additional challenges arise in children’s identification of atypical solids such as dust, powders, or pliable and brittle materials [44].



The different states of matter represent one part of chemistry that can be experienced and defined on a macroscopic level using shape and volume. If a solid object is placed in a container, it maintains its shape and volume. If a liquid is placed in a container, it maintains its volume but assumes the shape of the container. If a gas is placed in a container, it assumes the volume and shape of the container. By following the observable general features of the different states of matter, children start to acquire stable signs as a way to identify or distinguish between the different states.



Similarly, appearance and actions such as spillability, colorlessness, and odorlessness [45] are used as properties to identify liquids. The most common liquid is water, and it can easily become a prototype for all kinds of liquids, due to liquids having external similarity. This conclusion is further supported by results that show that viscous liquids are not classified as liquids, because they do not appear like water. The gaseous state is a state that is not easily visualized and is often seen as non-material [41,42], resulting in the notion that liquids vanish during evaporation. The gaseous state is often associated with various phenomena, including heat, electricity, and everyday gases like soda [46,47].



To gain a comprehensive understanding of matter, it is essential to explore the transitions between its different states. One particular aspect that has been extensively studied is the water cycle [48]. To grasp the water cycle, at this educational level, it is necessary to consider a few key concepts: the different states of matter (solid, liquid, and gas), as well as the phenomena of evaporation and condensation caused by heating or cooling and the conservation of water during these processes. In another study, four distinct intuitive concepts regarding evaporation were identified [49]. These include the notion that water simply disappears, the belief that water can penetrate either the floor or a solid object, or that water is scattered in the air.



Transitioning from everyday experiences to a more subject-specific chemical perspective necessitates specific modifications. This change involves shifting from a macroscopic, sense-based perspective of the world to a submicroscopic worldview. In a sub-microscopic perspective, the properties of objects are conceptualized based on their internal composition. This change is difficult for learners of all ages [47] as it includes epistemic changes, notably understanding an object through multiple representations [50]. Considering these findings, learning pathways for matter should commence from discovering a child’s everyday world, with an emphasis on the identification of various forms of matter [35]. The correlation between properties and color or shininess implies that learning could be enhanced by recognizing differences in properties among samples of matter with similar colors and sizes. These actions could lead to a deeper understanding of the intrinsic and fundamental variations in matter. Research has shown that sensory-based perception plays a crucial role in supporting the imagination at the submicroscopic level. In particular, providing visual experiences can effectively bridge the gap between the macroscopic and submicroscopic levels of matter [23,51]. This is particularly important in encouraging the development of children’s understanding of concepts in more abstract domains.



Research Questions


The objective of this study is to examine the fundamental principles of children’s emergent chemistry, focusing specifically on their comprehension of the concepts of smallness and evaporation. Smallness was chosen because it represents one of the core aspects of chemical knowledge. Vaporization was also included in this study because the phase transition between the liquid and gaseous state reflects children’s understanding of the transition between visual and non-visual matter. The first goal of this research was to examine the process by which children generate everyday, synthetic, and scientific models of these concepts.






2. Materials and Methods


The purpose of this study was to explore the fundamental principles of emergent chemistry in children, focusing specifically on their understanding of smallness and evaporation. The research design took the form of a longitudinal study, designed as an educational experiment [52]. The present educational experiments followed a cyclical pattern, where each activity was promptly analyzed, and the resulting analysis served as the basis for planning the next activity. The activities were specially designed as play-based learning interventions. These play-based learning activities were carefully tailored to match the individual interests of the children, encouraging their ongoing engagement in the educational process [53]. In this way, scientific concept formation became a deliberate and thoughtful process led by the early childhood teacher [54]. Play-based learning environments both challenge children’s broader understanding of the world and facilitate their acquisition of scientific knowledge. Other important aspects of this learning context include intersubjectivity and sustained shared thinking. Sustained shared thinking refers to an extended situation where the educator and the children engage in shared understanding and discourse [25].



2.1. Design of Activities


The interventions implemented in the play-based approach consisted of experimental activities and real-life or animated zooming-in videos, enabling children to grasp fundamental chemical concepts through play (See Table 3). The primary theme of the first five activities revolved around the concept of smallness and the last two revolved around evaporation. A detailed record of the activities was documented, and individual recall interviews were conducted to explore each child’s understanding. The collected data were analyzed, with a specific focus on the children’s conversations, body language, and gestures, in order to gain a deeper understanding of their engagement with the activity content.



The preschool environment in Greece is currently undergoing a transformation, incorporating contemporary educational practices and drawing inspiration from international experiences. The latest Greek curriculum outlines the essential abilities, skills, and attitudes that children should acquire upon completing their preschool education. This includes the field of natural sciences, which involves understanding living organisms and the properties of matter, as well as studying the Earth, space, and planetary systems. Instructions should be structured around everyday occurrences to facilitate exploratory inquiries on these topics. Specifically, teachers should support children in asking appropriate questions for investigation and encourage them to use their imagination and creativity to conduct experiments and acquire new knowledge.



Data were collected in Greece from participants in two middle-class public schools. These students had limited exposure to natural science experiments and did not participate in any organized play-based learning programs with natural science materials. This study included five groups, each consisting of five children aged 5 to 6 years old. Each play session lasted 20–25 min. Video recordings were made to capture the interactions and communication within each group, and additional material was collected through individual interviews. Research ethics approvals were granted by both the university and the Greek Ministry of Education.



2.1.1. The Teacher’s Role


The teacher/researcher adopted a scaffolding stance toward the children. This involved being supportive of questions while not providing definite answers but rather scaffolding the children’s thinking process. This also included gradually providing less support as the children showed improvement. The notions of microbes and molecules were never introduced by the researcher.




2.1.2. Data Analysis


Data were analyzed in the following steps:




	
Data were collected.



	
Relevant vignettes (smallness in the first experiment and evaporation in the last two) were selected.



	
Key objects and topics that reflected children’s ideas about smallness and evaporation were identified. For example, the leaf, the ants, and the magnifying glass were central objects that reflected these ideas. The question “What is the smallest thing you can imagine” serves as a paradigm for this topic. The vignettes were organized based on these key objects and topics.



	
Criteria to distinguish intuitive and counterintuitive conceptions regarding smallness and evaporation were formalized.



	
Intuitive and counterintuitive vignettes, as well as synthetic models of smallness and evaporation, were categorized



	
General characteristics of intuitive smallness, counterintuitive ideas about smallness, and synthetic models of smallness were analyzed.








The participation of children in the experiments sparked the emergence of concrete ideas regarding smallness and evaporation. These ideas were further examined and categorized as intuitive, synthetic, and scientific models, based on how the children conceptualized crucial materials and processes (see Table 4).






3. Results


3.1. Intuitive Model of Macroscopic Smallness


The focus of the first five activities was children’s conceptualization of smallness, explored through how they made sense of the main objects in each activity. Characteristic examples of using these words were presented in the form of vignettes. The children’s intuitive model of smallness was defined by its macroscopic characteristics. In other words, smallness only refers to visually accessible small things.



When children were asked what the smallest thing was, they typically provided a number of concrete objects, which were categorized as intuitive concepts. The tiniest conceivable entities were derived from objects that were readily observable, such as specks of dust, miniature LEGO pieces, ants, baby flies, turtles, stars, butterflies, snakes, snails, caterpillars, mice, camera lenses, bread crumbs, keys, and small buttons. Quite often, the children were oriented toward their immediate environment using their hands to portray or show something small or define smallness negatively, such as something that was not big.



Vignette 1




Researcher: What would it look like if we cut them into very small pieces? If we close our little eyes and think of sugar being cut into little tiny little pieces, what do we get?






Anastasis: It will melt, melt, melt, melt if we do (he claps his hands as if to show he’s melting the sugar) and then... gone.






Athina: If I do it too much like this with the knife (pretends to cut something with her hands) it will cut and it will become like a little tiny baby.






Researcher: Like a little baby, huh? What if we cut it even smaller?






Marianna: It will get so much smaller (she puts her fingers together).





Children’s comprehension of smallness was also articulated in terms of comparable objects. When attempting to imagine microscopic aspects of salt and sugar, children would liken them to small balls, stones, small medicine, ants, snow, glass, or gold dust. In the two zooming-in sessions, the microscopic elements were reinterpreted as real physical objects such as animals or flowers. Water molecules were described as little spores, bubbles, stones, little balls of water, a Mickey Mouse head, a rabbit’s, or a human head. Geometric vocabulary was also used, as the molecules were viewed as circles that were tied to each other. These vignettes were categorized as intuitive concepts.



In other words, children perceived the smaller particles of salt and sugar, as well as the real-life and animated elements in the zooming-in videos, and the water molecules, as concrete, real-life physical objects. Their identification of similarities between these objects illustrates that children observed a sense of commonality between the items. These objects are physical entities, exemplifying the application of a physical ontological framework. The usage of this framework may create barriers in trying to understand the counterintuitive properties of submicroscopic elements.



Moreover, less frequently encountered examples of smallness were exemplified in terms of depth. The children viewed the animated zooming-in videos as a journey into matter, with the progressively smaller levels being perceived as moving deeper in. A few vignettes defined smallness as an age category, suggesting that smaller ants are younger.




3.2. Synthetic Conceptions of Smallness: Invisibility Does Not Mean Non-Existence


Counterintuitive concepts of smallness were predominantly centered around the notion of the microbe. This notion functioned as a general category, which children used to represent all kinds of characteristics in relation to smallness. In meeting 1, parts of the leaves were defined as microbes. In meeting 3, the children used the same notion to describe the various forms and colors that they saw in the animated zooming-in video. The idea of a microbe was employed in an unspecified way, encompassing meanings such as exceedingly small elements or circles of very small sizes. In many instances, children reported that microbes were the fundamental components of various objects, suggesting that the world is made out of tiny, round entities that constitute all sorts of things. In these vignettes, microbes were perceived as being so small that they could only be viewed under a microscope. These counterintuitive ideas suggest the emergence of a synthetic model of smallness, in which things may exist, even though they cannot be seen with the eye. This model designates the emergence of an atomic, molecular perspective of the world.



As an example, the children described how a leaf, an orange, and dust would all appear to consist of microbes when observed under a microscope. Within the context of these vignettes, the children considered microbes to be of such diminutive proportions that their visibility could only be achieved through microscopic examination, thereby the children acknowledged the existence of microbes despite their invisibility to the naked eye. This finding represents a generalization of the zooming-in animation, in which the molecular structure of water was depicted as a model of little balls connected with lines. This emerging understanding of the microscopic level does not necessarily mean that children understand that all things are made of small particles, as children often interpret them as real physical objects.



In one vignette, a child reimagined the microscopic structure of a leaf that he saw in an animated zooming-in video as a fight between two sides—the illness-producing and curing elements. The child used his imagination to understand the microscopic level in a way that made sense to him.



The application of the notion of microbes is termed as counterintuitive because it includes the counterintuitive notion that things are made of really small elements, thus opposing the understanding of matter as continuous. Even though microbes were used to denote visually accessible small structures, their usage contributed to the emergence of a scientific perspective toward smallness.



Vignette 2




Anastasia: That they are some tiny little creatures.






Researcher: Some tiny little things... And what are these tiny little things? What do they look like?






Areti: Microbes.






Researcher: And what do they look like?






Anna: There is a so and so (forms a circle in the air); there is a so and so and so and so microbe (draws it in the air).






Researcher: Show the group.






Anna (makes circles with her hand in the air): One like this, one like this, one like this, and one like this, many many, many, and circles and like this...






Researcher: No, you don’t have to. Well, tell us what we saw in the videos.






Areti: Microbes, just microbes.






Anna: I had seen some microbes that were making some sounds; there were so many of them in the leaf... They were such little circles, little circles, little circles.






Researcher: Have you ever seen something so small before?






Anna and Areti: No.






Researcher: Is this the first time you’ve seen it?






Anastasia: I saw it.






Researcher: What did you see?






Anastasia: I saw some small, very small things that I saw... round... I saw inside there in the tree... Those round things were ants... No, they weren’t ants... They were microbes.





In counterintuitive concepts of salt and sugar, the children reported that cutting salt into small pieces would have made the small pieces invisible to the naked eye, but they could still exist. Similar conceptions were expressed with microorganisms, with children stating that objects were full of these small germs that could only be seen through the microscope. In counterintuitive concepts regarding the smallest thing that they could think of, some children acknowledged the existence of objects invisible to the eye, which they referred to as “very microscopic”. They recognized that these objects exist at a great depth and appear different from the same objects at the macroscopic level. In a counterintuitive concept regarding ants, ants were understood as having nonvisible internal organs, like a heart and bones.



Vignette 3




Researcher: Let me ask you. If this salt was cut into smaller pieces?






Anastasis: Yes.






Researcher: And we cut it so small that we couldn’t see it, would there still be salt?






Anastasis: Yes.






Researcher: There would be, wouldn’t there? I mean, is it possible for something to be so invisible to the eye but still exist?






Anastasis: Yes, but wouldn’t we see it?






Researcher: What would it take for us to see it?






Anastasis: Microscope.





In counterintuitive concepts related to water molecules, some children were able to generalize the idea that all objects consisted of imperceptible tiny spheres, similar to the ones depicted in the videos on water molecules. The concept highlighted in this idea indicates the emergence of the concept of molecules. Alongside this comprehension, several additional scientific fragments emerged, including the notion that these formations are held together through some forces. The usage of vocabulary such as “electrical current” or “microscopic laser” served to communicate the idea that the particles bonded together like tiny magnets. The same children also replicated other scientific fragments, such as the discovery that water maintains an identical atomic structure in all three forms, regardless of its external appearance. This indicates that scientific knowledge does not appear as a set of disparate fragments but as an interconnected network of concepts. In fact, the counterintuitive idea that matter’s behavior relies on electrical currents can be more easily understood in the context of a molecular depiction of matter.



Vignette 4




Researcher: Anna, do you remember what we did last week?






Anna: We watched some videos. There was something round that had made them, particles, and the current had joined them.






Researcher: The current had connected them? Okay, what were these balls that were connected to the current?






Anna: Particles.






3.3. Intuitive Conceptions of Evaporation


Many children participating in the vaporization experiment perceived water, bubbles, fire, and smoke as distinct elements, failing to recognize their interconnectedness. Specifically, each element was perceived intuitively, for example, stating that “water is making some bouncing bubbles, that it is boiling, goes up and down and getting out, like a wave, was turning, was becoming white, appeared like milk, and that it made a strange sound”. The bubbles were described as follows: some little white balls, rumbling water, shampoo, some oil, a hole (which) opens in the water, and growing water. They also used the metaphors of a pool, a whirlpool, a tornado, and a volcano. The water vapor above the surface was not seen as a result of water condensation, but instead, it was identified as smoke produced by the stove.



The boiling water was also treated intuitively as a physical object. More specifically, the children often stated that the decreasing water level was attributed to the water going more down, or that it became shorter, moved toward the bottom, or became smaller and smaller, like any other physical object influenced by gravity. Another explanation provided was that it melted. Similar results were replicated with the juice, with the children stating that it went a little bit down, it was because it was boiled, it decreased, or even that it just disappeared. Another child described the process as ‘the mass became smaller and little.’ Another similar explanation was that ‘the juice got stuck at the bottom of the pot’. In this set of vignettes, the zooming-in videos of the previous sessions, which introduced children to the submicroscopic world, did not contribute to these interpretations of evaporation. In other words, children did not use this knowledge as a basis for explaining the transformation of macroscopic water to vapor.



Some children predicted that heating water would make it ‘bigger and longer’, or that it would stay the same. These answers are not entirely unjustified as water expands when boiling. Nevertheless, they are still deemed as intuitive conceptions because they do not depict the counterintuitive phenomenon of the change of state, even though they are in accordance with the facts when water boils. Other children also said that the researcher cheated, by spilling or drinking it while the children were not looking. All of these ideas are defined by the macroscopic understanding of the liquid.



During individual interviews, children were asked to generalize their findings. Vignettes in which children were unable to generalize vaporization with other liquids were evaluated as everyday conceptions. For example, children reported that heated water would not create smoke or vapors or that the juice would catch fire. In one vignette, a child reported that if you leave some water in the sun, the effect would be that the water would become “much thinner”. Also, in another vignette, children said that milk would not decrease, because it would not have bubbles. Findings demonstrated that the children had a combined set of intuitive ideas about the various aspects of the vaporization experiment.




3.4. Synthetic Models of Evaporation


In the synthetic model of vaporization through boiling, children managed to connect smoke with water and fire. Specifically, children started to understand that due to the thermal agent, water and juice became vapor. As the children realized that the vapor did not come from the fire, some children began to use more specific vocabulary, like steam, water vapor, or “cloud”. It was also interesting to see how two different children were also reminded of the cycle of water and used it to understand the experiment. One child expressed a very good understanding of evaporation, using the correct terminology, being able to predict what would happen if the boiling continued, what would happen with the vapor, and understanding that the boiled water continued to exist as vapor. In this set of vignettes, the zooming-in videos functioned as a preparatory step, which helped children reinterpret the disappearance of water through its transformation into vapor. In one vignette, a child interpreted vaporization by understanding fire and air as forces of activeness; the child reported that the fire and air push the juice upward, making it go up, and that the fire made the juice turn into smoke.



In synthetic vignettes of evaporation, children correctly predicted that the water and juice would decrease after boiling; often, they were able to explain why this was so and use the correct specified vocabulary. In one vignette, a child said that boiling would lead to the removal of vapors, which resembles the macroscopic idea that vapors are physically removed. The notion of burned water was also codified in synthetic conceptions, in that it shows the possible function as an intuitive expression reflecting the emergence of the scientific concept. Some children were also capable of generalizing, stating that other things, such as juice or tea, or even saliva and milk, could evaporate.





4. Discussion


The comparison between intuitive and synthetic models of smallness reveals numerous concrete, specific, and metacognitive changes that occur in children’s perception of the world. Intuitive concepts are largely characterized by macroscopic visual perception. The central objects of the experiments as well as the microscopic elements of the videos were perceived as tangible, physical objects. To give an example, in the zooming-in videos, the microscopic structures were regarded as physical entities. These children were limited to a visibly accessible representation of small objects and, thus, were not able to imagine that these objects also had submicroscopic structures.



In synthetic concepts, on the other hand, the children’s notions of smallness recognized the existence of invisible things, which can be viewed with the help of the microscope. The non-differentiated application of the term “microbes” included the scientific emergence of smallness through various unspecified characteristics. These notions strongly depended on immediate visual characteristics, while at the same time functioning as the basis for cultivating the idea that even smaller elements, which are not visually accessible, might exist and be the building blocks for various objects. The focus on small, invisible things called microbes may have initially been caused by a focus on illness due to the COVID pandemic and then reinforced through the animated zooming-in videos that showed small, round things. Nonetheless, these findings show that the conceptual framework for a more scientific emergence of the concept of smallness—as something smaller than what we can see—is indeed possible for preschool children, and this finding opens up the potential for the emergence of various chemical phenomena if transferable to other relatable experiences.



The existence of frameworks seems to be confirmed by another set of observations as well. Data indicate that children who used the notion of microbes were able to conceptualize leaves as part of a biological system of interconnected functions or to understand the electromagnetic properties of submicroscopic particles. In this sense, learning science is not a process limiting itself to subject-specific representational changes, but rather existing within a range of interconnected representations that are relevant to it. This possibility is significant for the emergence of chemistry, as it allows children to develop a submicroscopic perception of the world.



When comparing intuitive and counterintuitive concepts of evaporation, similar patterns emerge. Initially, children struggle to connect the different components of evaporation, leading to explanations based on observation rather than on an understanding of the underlying phenomenon of water loss. Conversely, the defining feature of the synthetic model was the children’s tendency to establish connections between the different elements of the experiment. The ability to create these connections represents a higher epistemic change toward understanding evaporation.



The present research identified a strong presence of the physical ontological framework where the children systematically interpreted submicroscopic elements as everyday physical objects. These data indicate that moving beyond a purely physical ontological framework is necessary to fully grasp the submicroscopic intricacies of the world. It is crucial to clarify that this does not imply the invalidation of the established principles governing physical objects; rather, it signifies a differentiation of the two ontological levels, shedding light on the behavior of submicroscopic constituents. As demonstrated by Vosniadou, a comparable phenomenon occurs in the comprehension of planets behaving distinctively from ordinary physical entities [55,56]. The results also indicated a prominent existence of a psychological framework among children and a tendency to interpret microscopic elements as living entities.



The analysis of the findings in both smallness and evaporation indicates a possible mutuality between the two conceptions. The scientific emergence of smallness is closely related to the understanding that non-visible objects, aspects, and traits exist. The children in the evaporation experiments made a similar discovery, leading them to the realization that water cannot disappear, but it exists in a different invisible form as vapor. By analyzing the interrelation between the different aspects of the experiments, the children arrived at an abstract result with no immediate concrete referents. This can be a guideline for how microscopic smallness generally emerges. Preschool-aged children who rely solely upon sensory observations often conclude that objects that are not visible no longer exist. But posing questions about everyday phenomena that cannot be answered through their immediate senses is a process that may lead them to unexpected results regarding the nature of their surrounding world. This process is also reflected in the cultivation of reasoning skills, like metacognition, which plays a crucial role in emergent science.



One limitation of the present study is the decision not to include any statistical analysis of the data. As a result, the findings have an indicative character, mainly aiming to understand how intuitive and synthetic conceptualizations of smallness and evaporation might appear. Further analyses should be undertaken, aiming to provide more certain and generalizable data for the future. More importantly, understanding the extent and age-specificity of children’s adoption of intuitive and counterintuitive ideas about smallness represents the next step for the current project.
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Figure 1. Some examples of children viewing the Earth as an object with up/down gravity; (a) people live on a ball-shaped Earth, (b) people live on flat parts of the Earth, (c) people live on top of the ball-shaped Earth, (d) people live on a flat Earth [26]. 
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Figure 2. A summary of development from the aspects of the framework theory. 
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Table 1. Examples of early ontological and epistemological stances included in intuitive models [28].
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	Ontological Framework
	Ontological Stances





	Objects
	Physical/up/down gravity



	Animate entities
	Psychological/animism



	Numbers
	Numbers/mathematical/discrete numbers



	Lexical items
	Lexical items/language










 





Table 2. Definitions of core concepts in the framework theory.
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	Concept
	Concepts are the ways in which children understand and perceive processes or objects. There are two types of concepts: intuitive concepts and counter-intuitive concepts. Intuitive concepts are based in a child’s immediate experiences and sensory input, and they are characterized by a basic level of knowledge and understanding. On the other hand, counter-intuitive concepts are acquired through education and go beyond direct sensory input. They involve more intrinsic characteristics that cannot be directly perceived.



	Model
	A child’s complte comprehension of a process involves a culmination of concepts and the epistemology and ontological principles they employ to explain a phenomenon. Synthetic models, on the other hand, combine intuitive and counter-ontutivie concepts, as well as early and mature epistemic and ontoltogical skills. Finally, scientific models incorporate counter-intuitive concepts along with mature epistemic and ontological skills.



	Ontology
	A term used to describe a collection of broader concepts regarding the fundamental nature of reality. These concepts work together to categorize and organize our understanding of the world into groups of objects and processes. For instance, physical ontology focuses on the characteristcs of everyday-physical objects and their proceseses, while psychological ontology views processes as living entities. The capacity to critically analyze and reconstruct our existing ontological understanding based on new information is considered a more advanced ontological skill.



	Epistemology
	Epistemology pertains to the mechanisms that cause us to know and undersand a phenomenon. An initial skill in the realm of knowledge is the inclination to associate things with their external appearance. On the other hand, mature epistemic skills are demostranted by the capacity to generate various representations, question and assess one’s own abilities and knowledge, and also evaluate those of others.










 





Table 3. Description and time frame of the activities.
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	Meeting
	Description of Activities





	1–19 November
	The researcher immersed himself in the daily activities at the kindergarten to familiarize the children with his presence.



	1st meeting:

22–27 November 2021
	In this experiment, the children observed leaves with magnifying glasses. In the first part, they observed them with their eyes and then magnifying glasses were introduced.



	2nd meeting:

29 November–3 December 2021
	The children used magnifying glasses to observe sugar and salt.



	3d meeting:

6–10 December 2021
	In this meeting, the researcher introduced a computer to show animations that zoomed in from a macroscopic view to the submicroscopic particulate level. In these zoomed-in videos, the children observed an artificial leaf.



	4th meeting:

31 January–4 March 2022
	In this experimental study, children were provided with several boxes containing ants. The use of magnifying glasses aimed to examine their impact on the children’s perceptions of smallness.



	5th meeting:

21–24 March 2022
	In this experiment, children watched three zooming-in videos and were asked to describe what they saw. The first video showed a transition from the macro level to the microorganism level. The second and third videos exhibited zoomed-in animations from macro-level water to submicroscopic molecular water.



	6th meeting:

4–8 April 2022
	Water vaporization during boiling. Water was placed into a bottle and the level of the liquid was recorded. Following that, the water was poured into a pot and subjected to boiling for a period of 5 min. The leftover water was emptied back into the original bottle. The children were asked what they thought happened and why there was less water in the bottle.



	7th meeting:

26–29 April 2022
	Subsequently, the previous activity was replicated, substituting water with juice. Although water vaporizes from the juice as well as from pure water, the choice of using juice was made since they have different colors and were perceived as separate liquids.










 





Table 4. A summary of the analytical basis for categorization into intuitive, counterintuitive, synthetic concepts, and scientific concepts.
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	Concept
	Analytical Definition





	Intuitive concepts
	No presence of scientific fragments, sense-based understanding, expression of early epistemic skills, and ontological categorization, which suggests the emergence of a more differentiated definition.



	Counterintuitive concepts
	Presence of scientific fragments, mature epistemic skills, and specified vocabulary. Expressions of a differentiated or intuitive (physical or psychological) ontology.



	Synthetic model
	A creative synthesis of intuitive and counterintuitive concepts, reflecting a more holistic understanding of a process.



	Scientific concept
	Scientifically accepted explanations are characterized by mature ontological and epistemic ideas.
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