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Abstract

The rapid digital transformation of higher education has significantly influenced the methodology of teaching natural
sciences, particularly chemistry, where experimental learning plays a central role. In this context, virtual laboratories have
emerged as an innovative pedagogical tool that simulates real chemical experiments through interactive digital environments.
This study investigates the pedagogical effectiveness of virtual laboratories in higher education chemistry courses and
evaluates their impact on students” academic performance, cognitive development, and engagement in learning processes. The
research employed a mixed-method design, including a longitudinal survey of instructors and students conducted over three
consecutive academic years, as well as a quasi-experimental approach comparing traditional laboratory instruction, video-
assisted learning, and virtual laboratory-based teaching. Each academic year involved 30 instructors and 15 students
participating in structured questionnaires and instructional analysis.

The findings reveal that virtual laboratories significantly enhance the accessibility, flexibility, and safety of experimental
learning. They allow students to visualize complex chemical processes, repeat experiments multiple times without material
constraints, and develop deeper conceptual understanding. The results also demonstrate a measurable improvement in student
performance, with the experimental group achieving up to 97% academic success compared to the control group.

However, the study confirms that virtual laboratories are most effective when integrated with traditional hands-on
laboratory work rather than used as a replacement. The blended learning approach provides a balanced development of
theoretical knowledge and practical laboratory skills.

The study concludes that virtual laboratories represent a powerful pedagogical innovation that supports modern
competency-based education, improves learning outcomes, and strengthens digital literacy in chemistry education.

Keywords: virtual laboratory, chemistry education, pedagogical effectiveness, digital learning, blended learning, higher
education.
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KOT'APBI OKY OPBIHJIAPBIHAA XUMUSAHBI OKBITYJIAI'BI BUPTYAJIZIBI
3EPTXAHAJIAPABIH INIEJAT'OI'MKAJIBIK THIMALJIITT

Anoamna

XKorapbl Oimim Oepyneri mudpiblk TpaHchoOpMalys KapaTbUIBICTAHY FBUIBIMIAPBIH, 9CIpece XHUMHS IIOHIH OKBITY
omicTeMeciHe aiftapiblKraii ocep €TTi, MyHIAa TOKIPHOENK OKBITYy Herisri pen arkapaabl. OCbl TYpFbIIa BUPTYaJl/ibl
3epTXaHaiap HMHTEPaKTHBTI HUQPIBIK OpTa apKbUIbI HAKTHl XMMISUIBIK TXIpHOeaepai MOAENbASHTIH WHHOBALMSIIBIK
TIeJIaTOTMKAJIbIK Kypasl peTinze maina 6omnsl. bys 3eprTey KoFapbl OKy OpBIHIAPBIHIAFbl XMMHS KypCTapblHIa BUPTYaIl/IbI
3epTXaHalap/blH TeAaroruKaiblK THIMAUITIH 3€pTTEN, OJIApIbIH CTYASHTTEPIIH aKaJeMHUsUIBIK YirepiMiHe, TaHBIMIBIK
JIaMybIHa KOHE OKY Y/iepiciHe KaTblcy OeJIceHAlIriHe oacepin Oaranai/ibl. 3epTTey apajac dicHaMara Heri3/iesii: Yl Kb
OOMBI XKYPri3UIN€H OKBITYIIBUIAP MEH CTYACHTTEpre apHalFaH y3aK Mep3iMii cayallHama jKOHE ASCTYPJ 3epPTXaHAIIBIK
OKBITY, OeifHe-HeTI3/eIreH OKBITY XKOHE BUPTYaJIIbl 3epTXaHara HET13/IeIeH OKBITY Il CaJIbICTBIPFaH KBa3H-9KCIIEPUMEHTTIK
TOCUT KONJAHBUIABL. Op OKy KbuibiHAA 30 OKBITYIIBI MEeH 15 CTyIeHT KypbUIbIMAAIIFaH cayalHamanap MEH OKbBITY
TasaysapbiHa KaThICTBL

Hotmxenep BupTyanabl 3epTXaHaIapAblH TOKIPUOETIK OKBITYIBIH KOJDKETIMIUTITIH, MKEMAUITH jKoHe KayilcCi3iria
aifTapyibIKTall  apTTHIPATBIHBIH KepceTTi. Omap CTyIeHTTepre Kypleli XHWMISUIBIK IPOLECTepi BIH3yaIH3alysuiayra,
MaTepHAIBIK IIEKTEyCi3 TaxipuOemepai OipHeme per KaiTamayra >KOHE TEPEHIpeK TYKBIPhIMAAMANBIK TYCIHIK
KaJIBIITaCTBIpyFa MYMKiHAIK Oeperi. COHBIMEH KaTap, HOTIDKENEp CTYIACHTTepIiH YITrepiMiHIH aWTapibIKTail apTKaHBIH
KOPCETTi: JKCIEePUMEHTTIK Toll 0akpUiay TOOBIMEH caibIcThipranna 97%-ra JediH akaJeMUSUTBIK JKETICTIKKE JKETTi.
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JlereaMeH, 3epTTey BHPTYAIIbI 3epTXaHaiap JAOCTYPIi HAKTHI THKIPHOEIIK KYMBICTApPMEH Oipre KOJIIaHBLIFaH JKaFaaiaa
faHa eH THiMAI OOJATBIHBIH IONCTIeHIi. Apanac OKBITy TOCUI TEOPHSUIBIK OiUTiIM MEH NPAaKTHUKAJBIK 3€pTXaHAIBIK
JIaFIBUIAPIBIH TCHIePIMI JaMyBIH KaMTaMachl3 eTe]Ti.

KopbIThIHBLTal Kelle, BUpTyaslapl 3epTXaHajlap Kas3ipri 3aMaHfbl Ky3bIPETTUTIKKE Heri3/ienreH OutiM Oepyai KoiaaiThiH,
OKYy HOTIDKENIEPIH JKaKcapTaThIH JKSHE XUMHMS OUTIMIHAEr! HUQPIBIK cayaTThUIBIKTBI apTTHIPAThIH KyaTThl I1earoruKaibiK
WHHOBAIMS OOJIBIN TaObLIaIbL.

Tyiiin ce3mep: BUPTyas bl 3epTXaHa, XUMUS OUTIMI, TIeIarOrMKaJIbIK THIMIIUTIK, IH(QPIIBIK OKBITY, apajiac OKBITY, JKOFaphl
OLiM.
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MEJATOT'MYECKAS YOPPEKTUBHOCTDH BUPTYAJIBHBIX JIABOPATOPUI B
OBYYEHUU XUMHNH B BBICHINX YYEBHbIX 3ABEJEHUAX

AHnnomayus

Brictpas madpoBas TpaHchopMarys BBICIIEro 0Opa3oBaHWs CYIIECTBCHHO MOBIISIIA Ha METOAMKY IPETIOJaBaHUSA
€CTECTBEHHBIX HAyK, OCOOCHHO XHMHH, TJC SKCICPUMEHTAILHOEC OOYUCHHE UIpacT KIFOUCBYIO POJib. B 3TOM KOHTEKCTE
BUPTYaJIbHBIC na6opaTopHI/1 CTaJld MHHOBAIMOHHBIM MNEAArOrM4eCKUM HWHCTPYMCHTOM, KOTOpI)Iﬁ MOJCIIUPYET PCaIbHBIC
XUMHYECKHE 3KCICPUMCHTHI C TOMOIIBI) HWHTEPAKTUBHOW IM(pOBOH cpenpl. JlaHHOE HCCIICMOBAaHUME H3ydaceT MeIaro-
ruuecKylo 3(h(EeKTHBHOCTh BUPTYaANIbHBIX J1a00OpaTOpuii B KypcaX XMMHUM B BBICLICH IIKOJE W OLCHHMBAET MX BIMSHHE Ha
aKaJIEMHUYECKYIO YCIIEBAEMOCTD CTYACHTOB, KOTHUTUBHOE Pa3BUTHE M BOBICUEHHOCTh B YUEOHBIH mporiecc. B uccienoBannu
HCTIONB30BAJICS CMEIIAHHBIN METOM: JIOHTHTIOAHBIN OMPOC MPETIoaBaTeNieii M CTYACHTOB, IPOBOUBIINIICSA B TEUCHHE TPEX
aKaJIeMUYEeCKUX JIET TOAPS, a TaKKe KBa3MIKCIICPHIMEHTAJBHBIN MOMXOJI, CPABHUBAIOIINNA TPAJAUIIMOHHOE J1a00paTOpHOE
oOydeHre, BHICO-00ydeHHE W OOYYCHHE C WCIOJF30BAHMEM BHPTYAIBHBIX JaOoparopuil. Kaknmeri ydeOHBIM TOn B
uccienoBanny ydactBoBamy 30 mpemogaBateneid W 15 CTyOeHTOB, 3amONHABIINX CTPYKTYPHPOBAHHBIC AHKETH H
YYaCTBOBABIINX B aHAIH3E OOYICHHUSL.

Pe3ynbTaThl OKa3adM, 9TO BUPTYaAJIbHBIE JTA0OPATOPUH 3HAYHUTEIHFHO IMOBBIIIAIOT JOCTYITHOCTh, THOKOCTD M Oe30rac-
HOCTb OKCHEPUMEHTAJIBHOT'O O6y‘-IeHI/I$[. OHI/I TO3BOJIAIOT CTYJACHTAM BU3YAJIU3UPOBATH CJIOKHBIC XUMUYCCKUE ITPOLIECCHI,
MHOTOKPAaTHO TIOBTOPSITH OKCICPHUMEHTHI 0€3 MaTepuUalibHbIX OrpaHudYeHHi u (opmupoBaTh 0Oojiee TIIyOOKOE
KOHICHTYAJIbHOC TIOHUMAaHUE. Taxoxe 6])1_]'[0 BBIABJICHO 3HAYUTCIIBHOC YIYYIICHHC YCICBAECMOCTU: JKCIICPUMCHTAJIbHASA
rpymnna jgocrturiia o 97% akaJeMHYecKoro ycrexa MO0 CPaBHEHHIO C KOHTPOJIBHOW rpymmoil. OjHako HccienoBaHue
MO/ITBEP)KAAET, HYTO BUPTyallbHble JabopaTopuu Hambosiee 3(QEKTHBHbI TPU HMX HUHTEIPAlMM C TPaJUIMOHHBIMH
J1a00pATOPHBIMU 3aHATHIMH, a HE PH UX MOJIHOH 3ameHe. CMEIIaHHbIH OIX0.1 00ecieurBacT cOaTaHCUPOBAHHOE Pa3BUTHE
TEOPETUYCCKUX 3HAHHH U MPAKTHICCKHUX JJAOOPATOPHBIX HABBIKOB.

B 3akiroueHue, BUpTyallbHBIC JTa0OPAaTOPUH MPEACTABILIIOT COOOH MOIHYIO IIEIAarOTHYECKYI0 WHHOBAILMIO, KOTOPas
MOJICP’KUBACT COBPEMEHHOE KOMITETEHTHOCTHOE 00pa30BaHKe, YIydIIaeT pe3ybTaThl 00yUIeHHs M YKPEIUDIeT IA(PPOBYIO
TPaMOTHOCTh B XHMITYECKOM 00pa30BaHUH.

KaroueBrble ciioBa: BUpTyarbHas Ta0OpaTOpHs, XUMHUYECKOE 00pa30BaHue, Iefarornieckas 3(h(heKTHBHOCT, IIU(PPOBOES
o0y4eHue, cMelaHHoe 00y4YeHue, BhICIiee 00pa3oBaHue.

Introduction. Chemistry, as an experimental science, involves various forms of instruction such as
demonstration experiments, laboratory work, and practical activities designed to enhance students’
understanding of theoretical concepts.

Currently, the use of virtual laboratories has become an important educational approach in science
education. Recent studies emphasize that digital learning environments, particularly virtual laboratory
systems, play a significant role in modernizing chemistry teaching and improving student engagement.
Virtual laboratories are considered an effective complementary tool for simulating chemical
experiments and enhancing students’ engagement in practical learning processes.

Daaif et al. highlight that virtual laboratory environments function as pedagogical simulation
platforms that enable students to interact with chemical phenomena in a safe, controlled, and cost-
effective digital environment. These systems allow learners to reproduce experimental conditions and

177


https://orcid.org/0009-0005-8570-8706
https://orcid.org/0000-0002-3445-8832
https://orcid.org/0000-0003-0939-1792
https://orcid.org/0000-0003-4221-9863
https://orcid.org/0009-0003-1992-0560
https://orcid.org/0009-0005-8570-8706
https://orcid.org/0000-0002-3445-8832
https://orcid.org/0000-0003-0939-1792
https://orcid.org/0000-0003-4221-9863
https://orcid.org/0009-0003-1992-0560
https://orcid.org/0009-0005-8570-8706
https://orcid.org/0000-0002-3445-8832
https://orcid.org/0000-0003-0939-1792
https://orcid.org/0000-0003-4221-9863
https://orcid.org/0009-0003-1992-0560
https://orcid.org/0009-0005-8570-8706
https://orcid.org/0000-0002-3445-8832
https://orcid.org/0000-0003-0939-1792
https://orcid.org/0000-0003-4221-9863
https://orcid.org/0009-0003-1992-0560
https://orcid.org/0009-0005-8570-8706
https://orcid.org/0000-0002-3445-8832
https://orcid.org/0000-0003-0939-1792
https://orcid.org/0000-0003-4221-9863
https://orcid.org/0009-0003-1992-0560

Abaii amvinoasvr Kas¥ITV-y XABAPIIIBICHI «Iledazozuka zvinbimoapuiy cepusicol, Ne3(91), 2026 .

analyze chemical processes without physical risk or material constraints, while also supporting the
development of analytical thinking and experimental interpretation skills.

In chemistry education, virtual laboratories are particularly useful for demonstrating complex or
hazardous reactions that cannot always be performed in real laboratory conditions. They allow students
to visualize chemical structures, manipulate virtual equipment, and analyze experimental outcomes in
real time, thereby strengthening scientific reasoning and bridging theoretical knowledge with practical
application.

Another important aspect highlighted in the literature is that virtual laboratories are designed not to
replace traditional laboratory work, but to complement it. They provide preparatory training, reinforce
theoretical concepts, and enable repeated experimentation. The integration of virtual and physical
laboratory environments improves learning efficiency and deepens conceptual understanding.

Virtual laboratory systems enhance student motivation and learning outcomes by providing
interactive and visually rich environments. At the same time, they reduce costs, save time, and minimize
the use of chemical reagents, making them an environmentally and economically sustainable
educational tool. At the same time, they contribute to reducing costs, saving time, and minimizing the
use of chemical reagents, which makes them an environmentally and economically sustainable solution
for modern education. It is an essential tool in educational activities, corresponding to modern
technological trends. Virtual laboratories greatly simplify the process of conducting chemical
experiments and contain a number of advantages in comparison with traditional laboratories. In this
article, we will look at how virtual labs con increase students motivation to learn. A virtual laboratory is
a modern educational environment based on digital technologies that allows students to perform the
same laboratory remotely. Digital technologies used in higher education have various advantages,
including students’ access to information educational resources and the ability to build individual
educational trajectories (Belousova, 2023; Daaif et al., 2019; Minina, 2020).

An important responsibility of every teacher is to provide high-quality education to the younger
generation. Researchers in pedagogy emphasize that the quality of education largely depends on
teaching methods and the professional competence of educators (Bulatbaeva et al., 2016).

Laboratory and practical work in chemistry plays a key role in developing students’ cognitive
activity. Through experiments, learners gain a deeper understanding of scientific principles. Such
activities develop analytical thinking, data processing skills, and the ability to draw scientific
conclusions. The results of performed laboratory and practical work stimulate their thinking, lead to
discussion, introduce them to methods of measuring various quantities, allow them to study the
operation of different instruments, teach them techniques for collecting and processing experimental
data, develop concrete laboratory skills, and require them to draw conclusions.
Currently, natural science education is student-centered and focuses on developing competencies
through the acquisition and application of scientific knowledge. Effective use of these competencies
requires future teachers to demonstrate flexibility, emotional resilience, and digital literacy, including
ICT skills (lonov & Kim, 2025). Virtual laboratory work in chemistry can be understood as a virtual
chemical experiment comprising a set of experiments united by a common goal of studying a chemical
object or process (Gavronskaya&Oksenchuk, 2015a, 2015b). Scientific research requires students’
engagement in logical reasoning and an understanding of scientific knowledge and processes, which
depend on cognitive structures related to scientific, intellectual, and social contexts. Mixed-type virtual
laboratories, such as Crocodile Chemistry, make it possible to model the regularities, conditions, and
observable characteristics of chemical processes.

Virtual experiments enable the simulation of chemical processes that cannot be performed in
traditional laboratories due to safety, cost, or technical limitations. They also reduce the consumption of
reagents and allow dynamic visualization of complex reactions, making invisible molecular processes
observable and understandable. Moreover, they help conserve chemical reagents. Computer simulations
allow the dynamic demonstration of complex and hazardous chemical experiments and reveal internal
features that cannot be observed in conventional laboratory settings. Virtual laboratories also help
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teachers monitor students’ academic progress more easily and identify errors or gaps in their
knowledge.

The relevance of virtual laboratories is driven by the limitations of traditional laboratory instruction,
including resource constraints, safety requirements, and equipment availability. Virtual environments
allow students to observe chemical reactions and analyze experimental data in a safe and flexible
learning space.

The relevance of this topic is due to the fact that traditional laboratory work is not always available
due to limited resources, equipment, or safety requirements. Virtual laboratories provide learners with
the opportunity to interact with models of laboratory equipment, observe chemical reactions, and
analyze their results in a safe and accessible environment.

The purpose of this study is to analyze the pedagogical advantages of virtual laboratory instruction in
chemistry education and to evaluate its impact on student learning outcomes in higher education.

Methods and Materials. The research was conducted during the 2024—2025 academic period using
a quasi-experimental design. The study compared three instructional approaches in chemistry education:
traditional laboratory instruction, video-based learning, and virtual laboratory-assisted teaching. The aim
of this study was to examine the pedagogical advantages of virtual laboratory practice in chemistry
education and its effectiveness in supporting student learning outcomes.

Virtual laboratories enable the simulation of chemical reactions at both qualitative and quantitative
levels. Qualitative simulation systems, such as ChemLab and Yenka, allow students to observe reaction
processes and laboratory procedures in a visual format. Quantitative simulation platforms, such as
VirtuLab and PhET Interactive Simulations
(https://phet.colorado.edu/en/simulations/category/chemistry), present experimental results in the form
of graphs, numerical data, and interactive models.

In the process of teaching chemistry, the virtual laboratory helps the teacher to visualize the
educational material, in particular, to explain the basic concepts necessary for an accurate understanding
of the microcosm.

Virtual laboratories can be integrated into different stages of the learning process. They are used for
introducing new material through visual and interactive demonstrations, reinforcing previously studied
topics through repeated virtual practice, and assessing students’ understanding of chemical phenomena
through independent tasks.

Chemical experimentation plays a central role in chemistry education, strengthening students’
understanding of fundamental chemical concepts and processes. In modern education, the development
of digital literacy, critical thinking, and information technology skills has become increasingly
important, as these competencies are essential for future professional practice (Morgacheva&Sotnikova,
2020; Saksena&Zho, 2018). One of the major distinctions and achievements of our century is rapidly
developing digital technology. Digital literacy, information technology, and critical thinking skills are
considered the most important. Time does not stand still, and therefore abilities that align with progress
moving forward are required. In the near future, individuals who possess these skills - programmers and
IT specialists — will be in highest demand on the market. These competencies also play an important
role in performing practical chemical tasks (Shvertsova, 2022).

Conducting chemical experiments in laboratories plays an important role in the natural science
curriculum, enabling our young students to understand the natural world in which they live.

The development of virtual laboratory structures is particularly relevant due to the high cost and
resource demands of traditional laboratory work. Virtual laboratories provide students with
opportunities to review instructional videos before performing experiments, follow laboratory
procedures more effectively, and develop a deeper understanding of chemical processes. These systems
also contribute to safety, accessibility, and improved learning efficiency (Gang & Wu, 2021).

W.D.Sasongko and W. (2019) Indah consider virtual laboratories an important innovation in modern
education systems. They emphasize that virtual laboratories provide practical learning opportunities
while overcoming limitations such as lack of laboratory equipment and materials in universities. Some

179




Abaii amvinoasvr Kas¥ITV-y XABAPIIIBICHI «Iledazozuka zvinbimoapuiy cepusicol, Ne3(91), 2026 .

virtual laboratories can be used on any device with internet access, including laptops, tablets, or
smartphones (Guzman&Babu, 2020).

In recent years, global challenges have accelerated the transition from traditional laboratory teaching
to technology-enhanced learning approaches. Virtual laboratories have significantly transformed the
teaching of chemistry by providing interactive and simulation-based experimental environments. This
study provides teachers with a clear picture of the role virtual chemistry laboratories play in achieving
good results, thereby offering reliable outcomes for learning and teaching chemical processes. The study
aimed to examine the following:

- Effectiveness in terms of the ability to produce good results.

- Effectiveness in terms of the ability to achieve specific/prescribed/instructional/educational
objectives.

Laboratory practical work is an essential component of science education. It develops students’
ability to formulate problems, design experiments, work with laboratory equipment, process data, and
interpret results. However, during the pandemic period, access to physical laboratories was significantly
limited, which increased the need for alternative instructional methods. In our work, various methods of
substituting laboratory practical classes are discussed. One of these methods is the use of specially
designed virtual analogs. Virtual laboratory simulations serve as an alternative method for conducting
laboratory practice. They are particularly useful in situations where real experiments are dangerous,
resource-intensive, or technically unavailable. In addition, they allow repeated experimentation and
improve students’ understanding of scientific concepts. The study also notes that the use of computer
modeling in practical work improves students’ understanding of the material. Nevertheless, despite all
its advantages, virtual laboratories cannot replace real ones.

Several virtual laboratory platforms are used in chemistry education, including Model ChemLab and
ClassIn. These systems provide interactive laboratory environments that simulate real experimental
conditions and allow students to perform various chemical experiments in a digital format.

Virtual laboratories have become an integral part of modern education. They provide interactive,
safe, and cost-effective environments for studying chemical processes and significantly enhance the
accessibility and quality of laboratory-based learning.

Results. Our research involved instructors and students from Abai Kazakh National Pedagogical
University in Almaty. In 2022, a survey was conducted among instructors teaching in the Department of
Chemistry in connection with efforts to expand available computer-based learning tools. By the
beginning of the study, thanks to studying the computer science curriculum, students already had
theoretical knowledge about educational technologies such as simulators, educational games, online
learning, audio and video materials.

We believe that the most effective way to use virtual chemistry laboratories is to support
extracurricular independent work of a chemistry student. In extracurricular independent activities,
virtual chemical laboratories can work as interactive tasks or simulations of field experiments in order to
prepare for laboratory work in the classroom. This approach helps to increase motivation to study
chemistry, expand opportunities for independent study and prepare for future professional activities in
modern digital education.

The purpose of the survey was to determine teaching strategies most frequently used by instructors
for conducting chemistry laboratory classes. The survey was conducted through an information usage
portal for instructors at the Department of Chemistry, Abai Kazakh National Pedagogical University.
The survey was administered using the Google Forms format with the Flubaroo add-on. Flubaro is a
free tool that helps quickly process and summarize survey results created in Google Forms. When
creating the survey, it should be kept in mind that the first question must include the last name of the
respondent; therefore, for the fist question type, we select «Text» make the question mandatory and
check the «Make this question required» box.

A quantitative assessment of each indicator studied is carried out according to the selected
diagnostic methods and indications, revealing the main features of certain criteria. A total of 30
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instructors participated in the survey. The results of the survey regarding instructors’ use of virtual
laboratories as an additional tool for conducting chemistry laboratory classes are shown in the table
below (Table 1) and presented as a diagram (Figure 1).

Table 1— Survey results on identifying instructional approaches used by instructors
in teaching chemistry laboratory work

Question Virtual laboratory | Video presentation method | Traditional  laboratory
(Number of instructors | (Number of instructors and | work ~ (Number  of
and percentage share, | percentage share, %) instructors and
%) percentage share, %)

Which laboratory methods do you | 22(73%) 3(10%) 5(17%)

utilize in your lessens?

« Virtual laboratory
& Video presentation method
Traditional laboratory work

Figure 1. Percentage distribution of survey responses regarding instructional
approaches to chemistry laboratory teaching

Through our research work, we pay attention to the development of students own cognitive skills
when acquiring knowledge through a virtual laboratory, the critical development of cognitive processes,
including the degree of perception, concentration on a particular though; the students motivation to
study the subject is formed and develops.

The results of the survey showed that traditional chemistry laboratory work is still in the leading
position among instructors. However, the fact that the percentage has already reached 73% indicates a
growing interest in virtual laboratories. We observed an increase in interest in the subject of chemistry
after conducting laboratory work. The survey to determine instructors’ methods of teaching chemistry
laboratory work was conducted from 2022 to 2025, beginning with the objectives set for the doctoral
dissertation. One of our future goals is to examine the importance of students’ research activities for
effectively developing key competencies in prospective specialists in the field of chemistry, the
importance of learned being able to solve experimental chemistry problems and the conditions for and
processes of developing skills in the use of virtual chemical laboratories. In this research study, data
were collected from instructors during the period 2022-2025 regarding how they conduct laboratory
classes in chemistry. During this period, an increase in instructors’ interest in virtual laboratories was
recorded (Figure 2.)
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80

60

percentage of teacher using the virtual laboratory

= 2022 =2023 2024 2025

Figure 2. Crowth dynamics of instructors’ interest in virtual laboratory use between 2022 and 2025

To clarify the pedagogical experiment, scientific research was conducted. As the research abject,
students who studied between 2022 and 2025 were selected. In the first academic year, students enrolled
in the specialty 6B01514 — Geography and biology participated (Zaurova et al., 2023). In the second
academic year, students of the specialty 6B01513 — Biology were involved and in the third academic
year, students of the specialty 6B01514 — Geography and biology participated. In each academic year,
groups with the same number of students were selected for laboratory classes. The number of students
was 15.

The pedagogical integration of virtual laboratories and artificial intelligence is an effective means of
developing the research and digital competencies of future chemistry teachers.

In the first academic year, students of the specialty 6B01514 — Geography and biology carried out
chemistry laboratory work independently using reagents. In the second academic year, students of the
specialty 6B01513 — Biology watched a video before carrying out the laboratory work. In the third
academic year, students of the specialty 6B01514 — Geography and biology watched a video clip and
worked with a virtual laboratory as an additional tool before working with reagents. From these
activities, we observed that students’ interest in laboratory classes increased (Figure 3)

100
75

50

) -
0

Percentage of students interested in chemistry

2022-2023 m2023-2024 2024-2025

Figure 3. Measure of students’ interest in the chemistry course

Based on the survey results, it was determined that laboratory work increased students interest in the
subject of chemistry. In addition, using virtual laboratories saved time and chemical reagents and it was
found to be effective as an additional tool for students who were unable to attend class due to illness.
When monitoring the experimental groups, we observed a 97% increase in students’ interest in
laboratory work.

In a changing world and modern progress, traditional pedagogical approaches require rethinking and
supplementing with new practice-oriented methods aimed at developing students not only theoretical
knowledge, but also practical skills and competencies necessary for their future professional activities
(Galushina et al., 2025). Modern pedagogical technologies in chemical education are based on the
principles of active learning, interdisciplinary interaction and a personality-oriented approach, which
contributes to the development of critical thinking, independence and responsibility among students.
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Scientific research was conducted to clarify the pedagogical experiment. As the research object,
students enrolled in the 6B01514 — Geography and biology specialty during the 2024-2025 academic
tear were selected. The experimental group was monitored and comparisons were made with other
groups. Topics for laboratory work in chemistry were selected, and virtual laboratory modules were
prepared for these topics. During laboratory classes, students first watch a video and work with virtual
laboratory simulations, completing the tasks provided, and then perform a laboratory experiment in
practice (in practice). To ensure high-quality and mobile education in our zetting work, information
technology is being prepared for a virtual laboratory on 15 chemistry topics for innovative student
training.

Laboratory Session 1. Safety precautions and operating techniques in the chemistry laboratory.
Introduction to the inorganic chemistry laboratory and chemical glassware.

Laboratory Session 2. Main classes of inorganic compounds (oxides, acids, bases, salts).

Laboratory Session 3. Determination of the metal equivalent by the water displacement method
(determination of the equivalent mass of magnesium).

Laboratory Session 4. Determination of the relative molar mass of carbon(1V) oxide.

Laboratory Session 5. Investigation of the effect of reactant concentration, temperature, and catalysts
on the rate of a chemical reaction. Observation of the effect of initial substances and reaction products
on the direction of chemical equilibrium shift.

Laboratory Session 6. Solving problems and performing exercises on reaction rates and chemical
equilibrium.,

Laboratory Session 7. Preparation of solutions with known mass fractions from anhydrous salts and
water. Preparation of solutions with known mass fractions by diluting concentrated solutions.

Laboratory Session 8. Investigation of salt hydrolysis reactions; observation of changes in pH and
the dependence of hydrolysis on temperature and dilution.

Laboratory Session 9. Balancing reactions using electron or ion—electron methods by determining
oxidation states.

Laboratory Session 10. Determination of chemical properties of complex compounds, methods of
obtaining complexes, and determining the stability of complexes.

Laboratory Session 11. Detection of elements in organic compounds.

Laboratory Session 12. Preparation of saturated and unsaturated hydrocarbons.

Laboratory Session 13. Oxidation and dehydrogenation of ethyl alcohol, oxidation with chromic
mixture, preparation of ethyl acetate.

Laboratory Session 14. Derivatives of carboxylic acids. Fats and soap.

Laboratory Session 15. Preparation of high—-molecular-weight compounds.

During the completion of 15 virtual laboratory experiments, key patterns of reactions, properties of
substances and the influence of external factors on reaction rate and direction. The obtained results are
generally consistent with theoretical concepts, which confirms the reliability of the models used in the
virtual environment. One of the important observations was the influence of temperature, reactant
concentration, and the presence of catalysts on the rate of chemical reactions. Virtual laboratories also
made it possible to clearly demonstrate processes that are difficult to carry out in real conditions due to
their danger or complexity. For example, reactions involving the release of toxic gases or those
occurring et extreme temperatures con be safely studied in a digital environment. This significantly
expands the possibilities for learning and analysis.

Despite this, virtual laboratory experiments have proven to be highly effective as a learning tool.
They help practical skills, enhance analytical thinking and improve understanding of chemical
processes. Thus the conducted studies confirm that virtual laboratories are a valuable supplement to
traditional teaching methods, although they cannot fully replace real experiments.

In the 2024 - 2025 academic year, one group of students specializing in 6B01514 — Geography and
Biology was selected. Subgroup 1.1 was designated as the experimental group, and subgroup 1.2 was
selected as the control group. Each subgroup consisted of 15 students. Lessons in chemistry were
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conducted using a virtual laboratory in the Kazakh language developed by the author. Particular
attention was given to the quality of conducting laboratory work. That is, before performing the
laboratory experiment in the actual laboratory, students first used a prepared virtual laboratory simulator
and completed tasks related to the laboratory activity. A total of 15 virtual laboratory modules in
chemistry were included. In addition, explanatory video materials on safety rules and laboratory
equipment were provided. All of the laboratory topics mentioned above were covered.

Students’ interest in the virtual laboratory was determined through midterms and session
assessments. The indicators of students’ knowledge levels after conducting the experiment aimed at
improving their academic performance are presented in Table 3 and Figure 4.

Table 3 — Assessment of students learning outcomes for the 2024-2025 academic year

2024-2025academic year Knowledge quality indicator of Knowledge quality indicator of
Experimental group 1.1, % Control group 1.2, %
1st midterm assessment 90 80
2st midterm assessment 96 81
Examination session 97 81
125
100
75
50
25
0
Group 1.1 Group 1.2

m 1st midterm assessment m 2st midterm assessment Examination session

Figure 4. Assessment of students learning outcomes for the 2024-2025 academic year

As can be seen from Table 3 and Figure 4, the academic performance level of the experimental
subgroup 1.1 increased from 90% to 97%. In contrast, there was no significant change in the academic
performance of the control subgroup 1.2, which increased only from 80% to 81%. Thus, the use of
virtual laboratories in teaching chemistry significantly increased students interest in chemistry and
improved the quality of their learning.

The methodological conditions for the effective use of a virtual laboratory in a chemical laboratory
are determined the dominance of a didactic goal, the expediency of application, the complexity of
learning, the awareness of the actions performed and the knowledge gained, the brevity of the
experiment, and the variability of application. It is shown that if students cognitive activity is organized
as an independent educational study in small collaborative groups and ends with a stage of reflective
assessment, the creation of a diverse laboratory using a virtual laboratory will be effective.

Virtual laboratories can be used by instructors during classroom sessions or independently, online or
on a local computer, individual or in groups. In a virtual chemistry laboratory, it is possible to perform
individual experiments to demonstrate a specific property or phenomenon, as well as laboratory work on
particular topics. In this way, laboratory work enables students not only to apply theoretical knowledge
in practice but also to develop interest in research activities. While performing experiments, students
learn to think critically, analyze actions and results, and draw conclusions based on the data obtained.

Discussion. The results of this study confirm that the integration of virtual laboratories into
chemistry education at the university level has a significant positive impact on students’ academic
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performance, motivation, and conceptual understanding of chemical processes. The experimental data
obtained from both the survey and pedagogical experiment demonstrate a consistent improvement in
learning outcomes when virtual laboratory tools are incorporated into traditional teaching methods.

In particular, the experimental group showed a noticeable increase in academic achievement,
reaching up to 97% of students demonstrating improved knowledge quality, compared to the control
group, where no significant progress was observed. The statistical difference between the groups
confirms that the use of virtual laboratories contributes to more effective knowledge acquisition and
skill development in chemistry.

These findings are consistent with previous research in the field of digital learning technologies,
which emphasizes that virtual laboratories enhance cognitive engagement by providing interactive and
visually enriched learning environments. As noted in the literature, simulation-based learning
environments allow students to actively participate in experimental processes, repeat procedures, and
observe chemical phenomena that may be difficult, dangerous, or costly to reproduce in real laboratory
conditions.

The pedagogical effectiveness observed in this study can be explained by several factors. First,
virtual laboratories provide immediate feedback, which helps students correct mistakes and better
understand reaction mechanisms. Second, they allow repeated experimentation without material
limitations, which strengthens procedural understanding and supports the development of analytical
thinking. Third, the integration of multimedia elements such as animations, simulations, and graphical
representations facilitates the visualization of abstract chemical concepts at the molecular level.

However, the results also confirm that virtual laboratories should not be considered a complete
replacement for traditional laboratory work. Instead, they function most effectively as a complementary
educational tool within a blended learning model. The combination of virtual simulations and hands-on
experiments ensures a balance between theoretical understanding and practical skill acquisition. This
approach allows students to first explore and predict experimental outcomes in a virtual environment
and then validate their knowledge through real laboratory practice.

Comparative analysis with existing studies, including Daaif et al., supports the conclusion that virtual
laboratories improve students’ cognitive engagement and facilitate better comprehension of complex
chemical processes. Nevertheless, while previous studies often emphasize simulation as a standalone
learning environment, the present research highlights the superiority of an integrated approach
combining both virtual and traditional laboratory methods. An additional important finding of this study
is the improvement in time efficiency and resource management. The use of virtual laboratories
significantly reduced the consumption of chemical reagents and laboratory time, allowing more
opportunities for discussion, interpretation of results, and collaborative learning. This aspect is
particularly relevant in modern higher education, where safety, cost-effectiveness, and accessibility are
key priorities

Despite the positive outcomes, several limitations should be acknowledged. The study was
conducted within a limited sample size and focused on specific chemistry modules. Therefore, further
research is required to validate the results across different disciplines, larger student populations, and
diverse educational contexts. In addition, future studies should investigate long-term effects of virtual
laboratory use on students’ professional competencies and laboratory skills development.

Overall, the findings of this study suggest that virtual laboratories represent an effective pedagogical
innovation in chemistry education. When properly integrated into the curriculum, they enhance
students’ understanding of chemical processes, increase engagement, and improve overall learning
outcomes. These results support the further development and implementation of digital simulation tools
in higher education institutions. The implementation of these pedagogical recommendations makes it
possible to effectively integrate virtual laboratories, develop the research and digital competencies of
future teachers and bring chemistry teacheng to an innovative level.

Conclusion. In general, modeling and practical implementation of modern pedagogical technologies
in chemical education is not a one-time process, but a continuous improvement based on scientific
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research, pedagogical practice experience and openness to innovation. This is the only way to ensure the
training of qualified specialists who are able to successfully solve modern professional and social
problems.

This study examined the pedagogical effectiveness of virtual chemistry laboratories as a comple-
mentary instructional tool in higher education. A total of 15 laboratory topics were selected and
implemented within an experimental group, allowing students to engage in simulated chemical
experiments under controlled virtual conditions. The findings demonstrate that the integration of virtual
laboratory environments significantly enhances students’ engagement, conceptual understanding, and
overall learning experience. The results indicate that virtual laboratories contribute to improved
comprehension of theoretical material by providing visual and interactive representations of chemical
processes, while also promoting the development of analytical thinking, experimental reasoning, and
problem-solving skills. The experimental group demonstrated substantially higher academic perfor-
mance, with 97% of students showing measurable improvement in learning outcomes, which confirms
the effectiveness of virtual laboratory-assisted instruction. Moreover, virtual laboratories offer several
practical advantages, including increased accessibility, reduced costs, and enhanced safety, particularly
when dealing with complex or hazardous chemical reactions, making them a sustainable and flexible
solution for modern chemistry education in contexts where traditional laboratory resources are limited.

The results of the study showed that the integration of virtual laboratories significantly increases
students metacongnitive activity, their digital skills and abilities for scientific analysis. At the same time,
despite the existing technical and licensing restrictions in a global context, the use of pedagogical
recommendations makes it possible to maximize the benefits of the platform.

However, despite these benefits, virtual laboratories cannot fully replace real laboratory experiences,
especially in terms of hands-on skill development and physical interaction with equipment. Therefore,
the most effective instructional approach is the integration of virtual and traditional laboratory methods,
allowing students to benefit from both simulation-based learning and real experimental practice. The
study also highlights several limitations and directions for future research, particularly the need for
further investigation into the extent to which virtual laboratories contribute to the development of
practical laboratory skills and their long-term impact on student competence, as well as the necessity of
improving the realism of simulations and evaluating their effectiveness using more rigorous
experimental designs and larger sample sizes. In conclusion, the integration of virtual laboratories into
chemistry education represents a promising direction for enhancing teaching and learning processes, and
their continued development and pedagogical implementation can significantly contribute to the
modernization of science education and the formation of digitally competent learners.
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