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CHAPTER 1  

INTRODUCTION  

�2�Y�H�U�Y�L�H�Z�� 

The demand for natural foods containing bioactive components continues to rise as people become more 

mindful of their health. Fruit juices are among the most popular natural foods. The food industry is 

confronted with new issues, including rising energy costs and an inability to meet customer demand 

due to various challenges such as inadequacy of resources and processes. Furthermore, fossil fuels as 

energy sources produce carbon dioxide, a greenhouse gas that significantly impacts the climate. One 

answer to these problems would be to adopt gas hydrate technology. Gas would be acquired from the 

natural gas sector to meet the increasing energy demand. Gas hydrate technology offers opportunities 

for energy savings in fruit juice concentration processes. However, its energy requirements are not fully 

known. This is one of the challenges on which this thesis is centred. This chapter provides a 

comprehensive overview of the entire thesis. Moreover, the rationale, research questions, and objectives 

are all well-articulated. The investigation's significance, relevance, and value to the industrial and 

academic communities are underlined.  

 

�������� �%�D�F�N�J�U�R�X�Q�G���R�Q���I�U�X�L�W���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q 

Fruit juice (natural beverage: no additives or preservatives) results from liquid extracts from the fresh-

cut ripened fruit through a pressing or squeezing process in the fruit juice industry. However, due to 

high liquid content (i.e. water), extracted fruit juices are generally subjected to a concentration process. 

This process is extensively used to partially dehydrate fruit juice ideally without affecting or changing 

any contents in the solid composition to preserve juice freshness and reduce the costs during long-term 

storage, transportation, and packaging. Various techniques are used for juice concentration due to the 

different advantages. These techniques include thermal processes (i.e. evaporation and freeze 

concentration) and membrane concentration processes. The thermal process (evaporation) is the most 

widely used concentration method to concentrate fruit juices. This process is capable of producing the 

highest concentrations among other processes. However, due to relatively high heat requirements 

(energy-intensive), most of the volatile contents deposited in the solid composition are lost, leading to 

colour degradation and the development of bitter aftertaste. Membrane and freeze concentration 

processes are suitable alternative technologies for evaporation because they operate at moderate or 

lower temperatures. Even though they also suffer from some limitations. In this study, a gas hydrate-

based concentration technology was used as an alternative to the abovementioned methods.  
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�������� �%�D�F�N�J�U�R�X�Q�G���R�Q���J�D�V���K�\�G�U�D�W�H�V 

Gas hydrates (commonly known as clathrate hydrates) are crystalline ice-like inclusion molecules that 

�F�R�Q�V�L�V�W���R�I���D�Q���H�Q�W�U�D�S�S�L�Q�J���I�U�D�P�H�Z�R�U�N�����Z�D�W�H�U�����³�K�R�V�W�´���D�Q�G���W�U�D�S�S�H�G���S�U�H�V�V�X�U�L�V�H�G�����H���J������-10 MPa) molecules 

�N�Q�R�Z�Q���D�V���³�K�\�G�U�D�W�H���I�R�U�P�H�U�´���R�U���³�J�X�H�V�W�´���W�K�D�W���R�F�F�X�U�V���Q�D�W�X�Ually (Jeffrey, 1984; Sloan and Koh, 2007). The 

most common hydrate former found within an entrapping framework is methane (CH4). However, other 

hydrate formers such as hydrogen sulfide (H2S), hydrogen (H2), ethane (C2H8), carbon dioxide (CO2), 

nitrogen (N2) and so forth are also found in naturally occurring hydrates. The formation of clathrate 

hydrates only occurs when the hydrate former interacts with the lattice of water molecules, resulting in 

a cage-like structure through weak van der Waals intermolecular forces. The resulting cavities are 

known to be stable due to a balanced interaction between the hydrate former and the lattice of water 

molecules (Jeffrey, 1984; Rodger, 1990). However, compared to the cavities of pure water in solid form 

(ice) with six hexagonal molecular structures, cavities in clathrate hydrates are incompletely filled. 

Clathrate hydrates are non-stoichiometric solid compounds distinct from stoichiometric salts hydrates 

(Sloan and Koh, 2007). In addition, based on phase diagrams, the ideal conditions for clathrate hydrate 

formation are usually low temperatures and higher pressures, depending on the hydrate former present 

(Englezos, 1993). The three most common clathrate hydrate structures (Table 1.1 and Figure 1.1) are 

the cubic structure I (sI), cubic structure II (sII) (Stackelberg, 1949; v. Stackelberg and Müller, 1954) 

and hexagonal structure H (sH) (Ripmeester et al., 1987). Hydrates can dissociate if pressure and 

temperature conditions are sufficiently altered. Consequently, this can change the hydrate from a 

crystalline ice-like structure back to water and hydrate former.  

 

Table 1.1: The characteristics of different cavities in common clathrate hydrate structures (sI, sII and 

sH) (Sloan and Koh, 2007). 

Cavity name Cell formula Unit cell Number of 
cavities per 

unit cell 

Average cavity 
diameter (Å) 

sI sII  sH sI sII  sH 

Pentagonal Dodecahedron 512  2 16 3 7.9 7.82 7.82 

Tetrakaidecahedron  51262  6 - - 8.66 - - 

Hexakaidecahedron  51264  - 8 -  9.46 - 

Irregular Dodecahedron 435663  - - 2 - - 8.12 

Icosahedron 51268  - - 1 - - 11.42 
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Figure 1.1: The characteristics of different cavities (3-D) in common clathrate hydrate structures (sI, 

sII and sH) (Sloan and Koh, 2007) 

 
Over an extended period, intensive research has been directed toward preventing hydrate formation 

during oil and gas exploitation (Hammerschmidt, 1934; Sloan, 2000). Nowadays, hydrate technology 

has also attracted considerable attention in numerous other applications. These include CO2 capture 

(Lee et al., 2003), seawater desalination (Briggs et al., 1962; Javanmardi and Moshfeghian, 2003), 

energy recovery (H2 or CH4) and energy storage (Englezos, 1993), the concentration of dilute aqueous 

solutions (Glew, 1960; Huang et al., 1965, 1966), transportation (Englezos, 1993) and many other 

attractive applications.  

 

The growing interest in hydrate technology from academic and industrial research has led to numerous 

studies. These studies share a common goal: to develop processes (gas hydrate-based) that could 

mitigate environmental �S�R�O�O�X�W�L�R�Q�����O�R�Z�H�U���H�Q�H�U�J�\���U�H�T�X�L�U�H�P�H�Q�W�V�����D�Q�G���L�Q�F�U�H�D�V�H���W�K�H���L�Q�G�X�V�W�U�\�¶�V���S�U�R�I�L�W�D�E�L�O�L�W�\�� 

 

�������� �0�R�W�L�Y�D�W�L�R�Q�� 

Fruit juice in a commercial process is generally concentrated via thermal evaporation to prolong fruit 

juice shelf life. The evaporation process is useful in reducing transportation, packaging, and storage 

costs. However, due to high energy requirements, thermal evaporation display shortcomings, which 

generally contribute to high operating costs. Also, due to thermal effects, the resulting fruit juice 

significantly loses its sensitive properties (such as aroma, taste, colour, and so forth). Promising 

alternative technologies that offer potential advantages (non-thermal) include freeze concentration and 

membrane separation. However, even with improved product quality, the operating costs of these 

technologies are too high, which hinders their applications in industrial processes. The freeze 
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concentration process is energy-intensive, and membranes undergo fouling due to high concentration 

characterised by increased viscosity which requires constant cleaning. Alternatively, a multi-stage 

vacuum evaporation process can be used to avoid high temperatures to safeguard heat-sensitive 

materials, but the energy consumption is high. These problems (high capital and operating costs) 

prompted a quest to seek an alternative process with low energy consumption and improved final 

product quality. Gas hydrate technology is a credible candidate in this regard. This technique has the 

advantage of low energy usage. Moreover, CO2 �K�\�G�U�D�W�H���W�H�F�K�Q�R�O�R�J�\�¶�V���P�L�O�G�H�U���F�R�Q�G�L�W�L�R�Q�V���D�U�H���E�H�W�W�H�U���V�X�L�W�H�G��

to fruit juice concentration than traditional approaches.  

 

Furthermore, thermodynamic properties and phase equilibrium data are required before hydrate 

technology can be used in industrial operations. This information is important for altering or testing 

existing clathrate hydrate-producing thermodynamic models. If the accuracy of such data (both 

experimental and simulated) is confirmed, it can then be utilised to build, optimise, or simulate feasible 

and cost-effective hydrate-based industrial processes. However, due to a lack of benchmark data, the 

current hydrate prediction algorithms cannot make valid predictions when juice amounts change. The 

research efforts as documented in this thesis seek to address the challenges mentioned above and gaps 

in the literature due to a lack of thermodynamic and kinetic data on fruit juice concentration via hydrate 

formation. In addition, this research contributes to the knowledge of the thermodynamics and kinetics 

of juice production, enabling us to estimate the energy requirements associated with the development 

of that technology. The lower operating temperature benefits of the technology should be considered 

�Z�K�H�Q�� �D�V�V�H�V�V�L�Q�J�� �L�W�V�� �H�Q�H�U�J�\�� �U�H�T�X�L�U�H�P�H�Q�W�V���� �K�R�Z�H�Y�H�U���� �W�K�L�V�� �E�H�Q�H�I�L�W�� �L�V�� �R�Q�O�\�� �Y�D�O�X�D�E�O�H�� �L�I�� �W�K�H�� �W�H�F�K�Q�R�O�R�J�\�¶�V��

process economics is significantly better than conventional techniques.  

 

�������� �+�\�S�R�W�K�H�V�H�V���D�Q�G���5�H�V�H�D�U�F�K���T�X�H�V�W�L�R�Q�V 

The following hypotheses were developed as part of this research: 

�x The CO2 gas hydrate-�E�D�V�H�G���W�H�F�K�Q�R�O�R�J�\���F�R�X�O�G���U�H�G�X�F�H���W�K�H���M�X�L�F�H���L�Q�G�X�V�W�U�\�¶�V���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���� 

�x Using the experimental data on phase equilibrium, one could estimate the energy required by 

CO2 hydrate technology.  

�x �$���N�L�Q�H�W�L�F���P�R�G�H�O���P�D�\���E�H���X�V�H�G���W�R���H�[�D�P�L�Q�H���W�K�H���W�H�F�K�Q�R�O�R�J�\�¶s practicality and energy requirements 

and better understand the interactions between different juice ingredients and CO2 hydrate 

formation in a typical hydrate-based concentration process.  

�x Based on the concepts of the empirical model integrated into Design-Expert Software, the 

proposed hydrate-based concentration technology may be developed as a cost-effective hydrate 

technology. At the same time, synthesising multi-period heat exchanger networks could handle 

fluctuations in process parameters (P-T) within specific ranges caused by variances during 

temperature increases. 
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This project seeks to answer the following interrelated questions to support the hypotheses above: 

�x How economically and technically effective can gas hydrate technology be in concentrating 

needed for aqueous solutions consisting of bitter melon, pineapple or grape juices?  

�x In particular, under which conditions can separation be advantageously effected via gas hydrate 

formation, in terms of energy consumption and overall operating cost, compared to other 

currently used techniques? 

 

�������� �$�L�P�V���D�Q�G���2�E�M�H�F�W�L�Y�H�V�� 

The present study aims to investigate gas hydrate-based concentration as an energy-saving process in 

the fruit-juice energy. To achieve the aim of this study, the following objectives were investigated: 

�x Evaluate the hydrate phase equilibrium and kinetic data for reported juice systems. This is done 

to determine the extent to which existing experimental data/prediction methods can be bridged. 

�x Measure the experimental hydrate formation conditions for CO2 gas hydrate in selected juice 

systems 

�x Measure the experimental formation kinetics for CO2 gas hydrate in selected juice systems 

�x Optimise the operating conditions of hydrate phase equilibria and kinetics data for CO2 gas 

hydrate in juice systems, and  

�x Develop and evaluate the cost-effectiveness of CO2 hydrate-based concentration processes for 

selected fruit juice systems via process simulation.  

 

�������� �7�K�H�V�L�V���R�U�J�D�Q�L�V�D�W�L�R�Q�� 

�&�K�D�S�W�H�U���������,�Q�W�U�R�G�X�F�W�L�R�Q�� 

�7�K�L�V�� �F�K�D�S�W�H�U�� �H�[�S�O�D�L�Q�V�� �W�K�H�� �S�X�U�S�R�V�H�� �R�I�� �W�K�H�� �F�R�P�S�O�H�W�H�G�� �Z�R�U�N���� �7�K�H�� �V�W�X�G�\�¶�V���R�E�M�H�F�W�L�Y�H���� �M�X�V�W�L�I�L�F�D�W�L�R�Q���� �D�Q�G��
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�I�U�X�L�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V���F�R�Q�F�H�S�W�X�D�O���G�H�V�L�J�Q���L�V���D�O�V�R���S�U�H�V�H�Q�W�H�G���D�Q�G���G�L�V�F�X�V�V�H�G���L�Q���W�K�L�V���F�K�D�S�W�H�U�����D�O�R�Q�J���Z�L�W�K��

�W�K�H�� �H�Q�H�U�J�\�� �U�H�T�X�L�U�H�P�H�Q�W�V�� �I�R�U�� �W�K�H�� �S�U�R�F�H�V�V�����7�K�L�V�� �F�K�D�S�W�H�U�� �D�F�F�R�P�S�O�L�V�K�H�G�� �W�K�H�� �V�W�X�G�\�¶�V���I�R�X�U�W�K���D�Q�G�� �I�L�I�W�K��

�R�E�M�H�F�W�L�Y�H�V���� �)�L�Q�D�O�O�\���� �F�R�Q�F�O�X�G�L�Q�J�� �U�H�P�D�U�N�V �D�Q�G�� �L�P�S�U�R�Y�H�P�H�Q�W�V�� �W�R�� �K�\�G�U�D�W�H�� �W�H�F�K�Q�R�O�R�J�\�� �D�U�H�� �S�U�R�Y�L�G�H�G�����$�O�O��

�V�R�X�U�F�H�V���F�L�W�H�G���L�Q���W�K�L�V���F�K�D�S�W�H�U���D�U�H���O�L�V�W�H�G���D�W���W�K�H���H�Q�G�����7�K�L�V���F�K�D�S�W�H�U���Z�D�V���V�X�E�P�L�W�W�H�G���I�R�U���U�H�Y�L�H�Z���D�V���D�Q���D�U�W�L�F�O�H��

�S�D�S�H�U���W�R���W�K�H���M�R�X�U�Q�D�O���R�I���I�R�R�G���H�Q�J�L�Q�H�H�U�L�Q�J�����(�O�V�H�Y�L�H�U���� 

 

�&�K�D�S�W�H�U���������&�R�Q�F�O�X�V�L�R�Q�V���D�Q�G���5�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V 

�7�K�L�V�� �F�K�D�S�W�H�U���S�U�R�Y�L�G�H�V�� �D�� �J�H�Q�H�U�D�O���R�Y�H�U�Y�L�H�Z���R�I�� �W�K�H�� �V�W�X�G�\�¶�V���I�L�Q�G�L�Q�J�V���� �,�Q���D�G�G�L�W�L�R�Q�����W�K�H�� �S�U�H�Y�L�R�X�V�� �F�K�D�S�W�H�U�V�¶��

�L�P�S�R�U�W�D�Q�W���F�R�Q�W�U�L�E�X�W�L�R�Q�V���W�R���Q�H�Z���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���Z�H�U�H���V�X�P�P�D�U�L�V�H�G���L�Q���W�K�L�V���F�K�D�S�W�H�U�����,�W���D�O�V�R���H�Q�G�V���Z�L�W�K���J�H�Q�H�U�D�O��

�F�O�R�V�L�Q�J���U�H�P�D�U�N�V�����U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���I�R�U���I�X�W�X�U�H���U�H�V�H�D�U�F�K���R�Q���K�\�G�U�D�W�H���V�\�V�W�H�P�V���W�R���E�H���P�H�D�V�X�U�H�G�����D�Q�G���V�R�P�H��

�U�H�V�H�D�U�F�K���V�X�J�J�H�V�W�L�R�Q�V���� 
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�5�H�I�H�U�H�Q�F�H�V 

�%�U�L�J�J�V���� �)�����$������ �+�X���� �<���� �&���� �D�Q�G�� �%�D�U�G�X�K�Q�����$���� �-���� �������������� �µ�1�H�Z�� �D�J�H�Q�W�V�� �I�R�U�� �X�V�H�� �L�Q�� �W�K�H�� �K�\�G�U�D�W�H�� �S�U�R�F�H�V�V�� �I�R�U��

�G�H�P�L�Q�H�U�D�O�L�V�L�Q�J���V�H�D���Z�D�W�H�U�¶�����$�Y�D�L�O�D�E�O�H���I�U�R�P���W�K�H���1�D�W�L�R�Q�D�O���7�H�F�K�Q�L�F�D�O���,�Q�I�R�U�P�D�W�L�R�Q���6�H�U�Y�L�F�H�����6�S�U�L�Q�J�I�L�H�O�G���9�$��

������������ �D�V�� �3�%���������� ���������� �3�U�L�F�H�� �F�R�G�H�V���� �$�� ������ �L�Q�� �S�D�S�H�U�� �F�R�S�\���� �$�� ������ �L�Q�� �P�L�F�U�R�I�L�F�K�H���� �2�6�:�� �5�H�V�H�D�U�F�K�� �D�Q�G��

�'�H�Y�H�O�R�S�P�H�Q�W���3�U�R�J�U�H�V�V���5�H�S�R�U�W�������������� 

�(�Q�J�O�H�]�R�V���� �3���� �������������� �µ�&�O�D�W�K�U�D�W�H�� �K�\�G�U�D�W�H�V�¶�����,�Q�G�X�V�W�U�L�D�O�� �	�� �(�Q�J�L�Q�H�H�U�L�Q�J�� �&�K�H�P�L�V�W�U�\�� �5�H�V�H�D�U�F�K���� �$�P�H�U�L�F�D�Q��

�&�K�H�P�L�F�D�O���6�R�F�L�H�W�\�������������������S�S�������������±�������������G�R�L���������������������L�H�����������D�������� 

�*�O�H�Z���� �'���� �1���� �������������� �µ�6�R�O�X�W�L�R�Q�� �W�U�H�D�W�P�H�Q�W�¶���� �$�Y�D�L�O�D�E�O�H�� �D�W����

�K�W�W�S�V�������S�D�W�H�Q�W�V���J�R�R�J�O�H���F�R�P���S�D�W�H�Q�W���8�6���������������$���H�Q�����$�F�F�H�V�V�H�G���������$�S�U�L�O�������������� 

�+�D�P�P�H�U�V�F�K�P�L�G�W���� �(���� �*���� �������������� �µ�)�R�U�P�D�W�L�R�Q�� �R�I�� �*�D�V�� �+�\�G�U�D�W�H�V�� �L�Q�� �1�D�W�X�U�D�O�� �*�D�V�� �7�U�D�Q�V�P�L�V�V�L�R�Q�� �/�L�Q�H�V�¶����

�,�Q�G�X�V�W�U�L�D�O�� �D�Q�G�� �(�Q�J�L�Q�H�H�U�L�Q�J�� �&�K�H�P�L�V�W�U�\���� �$�P�H�U�L�F�D�Q�� �&�K�H�P�L�F�D�O�� �6�R�F�L�H�W�\���� �������������� �S�S���� �������±���������� �G�R�L����

�����������������L�H�����������D�������� 

�+�X�D�Q�J���� �&���� �3������ �)�H�Q�Q�H�P�D���� �2���� �D�Q�G�� �3�R�Z�U�L�H���� �:���� �'���� �������������� �µ�*�D�V�� �K�\�G�U�D�W�H�V�� �L�Q�� �D�T�X�H�R�X�V���R�U�J�D�Q�L�F�� �V�\�V�W�H�P�V�¶����

�&�U�\�R�E�L�R�O�R�J�\�����$�F�D�G�H�P�L�F���3�U�H�V�V�����������������S�S�����������±�����������G�R�L���������������������6������������������������������������������ 

�+�X�D�Q�J���� �&���� �3������ �)�H�Q�Q�H�P�D���� �2���� �D�Q�G�� �3�R�Z�U�L�H�����:���� �'���� �������������� �µ�*�D�V�� �K�\�G�U�D�W�H�V���L�Q���D�T�X�H�R�X�V���R�U�J�D�Q�L�F�� �V�\�V�W�H�P�V���� �,�,����

�&�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �E�\�� �J�D�V�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�¶�����&�U�\�R�E�L�R�O�R�J�\���� �$�F�D�G�H�P�L�F�� �3�U�H�V�V���� ������������ �S�S���� �������±���������� �G�R�L����

�����������������6������������������������������������������ 

�-�D�Y�D�Q�P�D�U�G�L�����-�����D�Q�G���0�R�V�K�I�H�J�K�L�D�Q�����0�������������������µ�(�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���D�Q�G���H�F�R�Q�R�P�L�F���H�Y�D�O�X�D�W�L�R�Q���R�I���Z�D�W�H�U��

�G�H�V�D�O�L�Q�D�W�L�R�Q���E�\���K�\�G�U�D�W�H���S�K�H�Q�R�P�H�Q�R�Q�¶�����$�S�S�O�L�H�G���7�K�H�U�P�D�O���(�Q�J�L�Q�H�H�U�L�Q�J�����3�H�U�J�D�P�R�Q�������������������S�S�����������±����������

�G�R�L���������������������6������������������������������������������ 

�-�H�I�I�U�H�\���� �*���� �$���� �������������� �µ�+�\�G�U�D�W�H�� �L�Q�F�O�X�V�L�R�Q�� �F�R�P�S�R�X�Q�G�V�¶�����-�R�X�U�Q�D�O�� �R�I�� �,�Q�F�O�X�V�L�R�Q�� �3�K�H�Q�R�P�H�Q�D���� �.�O�X�Z�H�U��

�$�F�D�G�H�P�L�F���3�X�E�O�L�V�K�H�U�V�����������������S�S�����������±�����������G�R�L���������������������%�)������������������ 

�/�H�H���� �6������ �/�L�D�Q�J���� �/������ �5�L�H�V�W�H�Q�E�H�U�J���� �'������ �:�H�V�W���� �2���� �5������ �7�V�R�X�U�L�V���� �&���� �D�Q�G���$�G�D�P�V���� �(���� �������������� �µ�&�2�� ���� �+�\�G�U�D�W�H��

�&�R�P�S�R�V�L�W�H���I�R�U���2�F�H�D�Q���&�D�U�E�R�Q���6�H�T�X�H�V�W�U�D�W�L�R�Q�¶�����(�Q�Y�L�U�R�Q�P�H�Q�W�D�O���6�F�L�H�Q�F�H���	���7�H�F�K�Q�R�O�R�J�\���������������������S�S�������������±

�������������G�R�L���������������������H�V�������������O�� 

�5�L�S�P�H�H�V�W�H�U�����-�����$�������7�V�H�����-�����6�������5�D�W�F�O�L�I�I�H�����&�����,�����D�Q�G���3�R�Z�H�O�O�����%�����0�������������������µ�$���Q�H�Z���F�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H���V�W�U�X�F�W�X�U�H�¶����

�1�D�W�X�U�H�����1�D�W�X�U�H���3�X�E�O�L�V�K�L�Q�J���*�U�R�X�S���������������������������S�S�����������±�����������G�R�L���������������������������������D���� 

�5�R�G�J�H�U���� �3���� �0���� �������������� �µ�6�W�D�E�L�O�L�W�\�� �R�I�� �J�D�V�� �K�\�G�U�D�W�H�V�¶�����7�K�H�� �-�R�X�U�Q�D�O�� �R�I�� �3�K�\�V�L�F�D�O�� �&�K�H�P�L�V�W�U�\���� �$�P�H�U�L�F�D�Q��

�&�K�H�P�L�F�D�O���6�R�F�L�H�W�\���������������������S�S�������������±�������������G�R�L���������������������M�������������D�������� 

�6�O�R�D�Q�����(�����'�������������������+�\�G�U�D�W�H���H�Q�J�L�Q�H�H�U�L�Q�J�����6�3�(���0�R�Q�R�J�U�D�S�K���6�H�U�L�H�V�����6�R�F�L�H�W�\���R�I���3�H�W�U�R�O�H�X�P���(�Q�J�L�Q�H�H�U�V���R�I��

�$�,�0�(�������7�H�[�D�V�����5�L�F�K�D�U�G�V�R�Q�� 
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�6�O�R�D�Q�����(�����'�����D�Q�G���.�R�K�����&�����$�������������������&�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H�V���R�I���Q�D�W�X�U�D�O���J�D�V�H�V�����)�X�H�O�����&�5�&���3�U�H�V�V�����&�K�H�P�L�F�D�O��

�,�Q�G�X�V�W�U�L�H�V�������G�R�L������������������������������������������������ 

�6�W�D�F�N�H�O�E�H�U�J���� �0���� �Y���� �������������� �µ�)�H�V�W�H�� �*�D�V�K�\�G�U�D�W�H�¶�����'�L�H�� �1�D�W�X�U�Z�L�V�V�H�Q�V�F�K�D�I�W�H�Q���� ���������������� �S�S���� �������±���������� �G�R�L����

�����������������%�)������������������ 

�Y�����6�W�D�F�N�H�O�E�H�U�J�����0�����D�Q�G���0�•�O�O�H�U�����+�����5�������������������µ�)�H�V�W�H���*�D�V�K�\�G�U�D�W�H���,�,�����6�W�U�X�N�W�X�U���X�Q�G���5�D�X�P�F�K�H�P�L�H�¶�����%�H�U�L�F�K�W�H��

�G�H�U���%�X�Q�V�H�Q�J�H�V�H�O�O�V�F�K�D�I�W���I�•�U���S�K�\�V�L�N�D�O�L�V�F�K�H���&�K�H�P�L�H�����:�L�O�H�\�(�9�&�+���9�H�U�O�D�J���*�P�E�+���	���&�R�����.�*�D�$�������������������S�S����

�����±���������G�R�L���������������������%�%�3�&�������������������������� 
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CHAPTER 2 (BASED ON PAPER 1) 

LITERATURE REVIEW  

A REVIEW OF THERMODYNAMIC AND KINETIC STUDIES RELEVANT TO GAS 

HYDRATE-BASED FRUIT JUICE CONCENTRATION�‚�� 

�‚�&�R�Q�W�H�Q�W���S�X�E�O�L�V�K�H�G���L�Q���-�R�X�U�Q�D�O���R�I���)�R�R�G���(�Q�J�L�Q�H�H�U�L�Q�J���������������������������������������� 

�$�E�V�W�U�D�F�W�� 

Although the proof of concept has been demonstrated, significant progress is necessary to achieve the 

industrial-level validation and commercialisation of gas hydrate-based fruit juice concentration. This 

emerging and innovative separation technology is reviewed in this article through thermodynamic and 

kinetic studies reported in the literature. It emerges that hydrate-based juice concentration has two 

outstanding features: it preserves more bioactive compounds and consumes less energy. As a result, it 

is a technology that is likely to contribute to sustainability and position itself as an alternative to current 

juice concentration processes. This review briefly introduces three established industrial juice 

concentration processes and provides a background on gas hydrates before focusing on both 

experimental and modelling studies related to hydrate-based fruit concentration. It appears that carbon 

dioxide is the hydrate former of choice in juice concentration while the number of investigated juice 

systems is still low. For this reason, more research is required to confirm the sustainability of this novel 

process. Other areas of concern for future scientific investigations are also outlined. 

 

�������� �,�Q�W�U�R�G�X�F�W�L�R�Q�� 

Since the 19th century, according to the International Energy Agency (Birol, 2017), global energy 

consumption and production have been increasing steadily. Furthermore, as many countries around the 

world experience energy shortage, there is a need to develop energy-efficient processes. These would 

allow for energy savings and enhance economic viability. It is in this context that clathrate hydrate-

based processes emerged as environmentally friendly and energy-efficient alternatives to numerous 

industrial processes in areas such as separation processes (Eslamimanesh et al., 2012; Gambelli et al., 

2019), seawater desalination (Babu et al., 2021) and fruit juice concentration (Claßen et al., 2019; 

Srivastava et al., 2021). This article reviews experimental and modelling studies related to the use of 

gas hydrates formation in fruit juice concentration to contribute towards sustainability through energy 

savings in the food processing industry so as to:  
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1) highlight advances made in the application of gas-hydrate concentration to fruit-juice 

concentration in the context of energy management and pollution mitigation; 

2) rationalise the available experimental data as well as the use of modelling approaches for gas-

hydrate-based fruit-juice concentration; 

3) point out opportunities for further research in the area of data collection and process modelling. 

  

While previously published review articles on this topic mostly focused on experimental studies 

(Claßen et al., 2019; Srivastava et al., 2021), this article presents a more extensive examination of 

advances and challenges associated with the modelling of hydrate-based. Furthermore, more recent 

publications could not be obviously found in the available reviews. The present article provides some 

background on gas hydrates after briefly introducing their structure. This is followed by a critical 

examination of available experimental studies relevant to gas hydrate-based fruit concentration. It is 

worth noting that modelling aspects have not yet been addressed by previous review articles on gas-

hydrate-based dehydration, although such studies are essential in understanding and optimising 

industrial processes. Finally, concluding remarks are presented in recommendations for interesting 

future studies to accelerate the adoption of gas-hydrate-based dehydration on an industrial scale. 

 

�������� �%�D�F�N�J�U�R�X�Q�G���R�Q���J�D�V���K�\�G�U�D�W�H�V�� 

���������� �'�H�I�L�Q�L�W�L�R�Q���D�Q�G���S�U�R�S�H�U�W�L�H�V 

�&�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H�V���D�U�H���F�U�\�V�W�D�O�O�L�Q�H���L�F�H���O�L�N�H���L�Q�F�O�X�V�L�R�Q���P�R�O�H�F�X�O�H�V���W�K�D�W���F�R�Q�V�L�V�W���R�I���D�Q���H�Q�W�U�D�S�S�L�Q�J���I�U�D�P�H�Z�R�U�N��

�R�I���Z�D�W�H�U���P�R�O�H�F�X�O�H�V���³�K�R�V�W�´���D�Q�G���D���W�U�D�S�S�H�G���S�U�H�V�V�X�U�L�V�H�G���P�R�O�H�F�X�O�H�����L���H�����&�2�������1�������&�+�������&���+�������&���+�������+�������D�Q�G��

�+���6�����N�Q�R�Z�Q���D�V���³�K�\�G�U�D�W�H���I�R�U�P�H�U�´���R�U���³�J�X�H�V�W�´�����'�R�X�E�U�D���H�W���D�O�������������������(�Q�J�O�H�]�R�V�������������������&�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H��

�I�R�U�P�D�W�L�R�Q���R�F�F�X�U�V���Z�K�H�Q���W�K�H���K�\�G�U�D�W�H���I�R�U�P�H�U���L�Q�W�H�U�D�F�W�V���Z�L�W�K���W�K�H���O�D�W�W�L�F�H���R�I���Z�D�W�H�U���P�R�O�H�F�X�O�H�V�����U�H�V�X�O�W�L�Q�J���L�Q���D��

�F�D�J�H���O�L�N�H�� �V�W�U�X�F�W�X�U�H�� �W�K�U�R�X�J�K�� �Z�H�D�N�� �Y�D�Q�� �G�H�U�� �:�D�D�O�V�� �L�Q�W�H�U�P�R�O�H�F�X�O�D�U�� �I�R�U�F�H�V�����%�D�H�Q�D���0�R�U�H�Q�R���H�W�� �D�O������ ������������

�(�Q�J�O�H�]�R�V�����������������0�R�Q�W�D�]�H�U�L���D�Q�G���.�R�O�O�L�R�S�R�X�O�R�V�������������������7�K�H���U�H�V�X�O�W�L�Q�J���F�D�Y�L�W�L�H�V���D�U�H���N�Q�R�Z�Q���W�R���E�H���V�W�D�E�O�H���G�X�H��

�W�R�� �D�� �E�D�O�D�Q�F�H�G�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �W�K�H�� �K�\�G�U�D�W�H�� �I�R�U�P�H�U�� �D�Q�G�� �W�K�H�� �O�D�W�W�L�F�H�� �R�I�� �Z�D�W�H�U�� �P�R�O�H�F�X�O�H�V�����$�O�D�Y�L�� �D�Q�G��

�5�L�S�P�H�H�V�W�H�U�������������������7�K�H���Q�X�P�E�H�U�V���R�I���F�R�Q�W�U�L�E�X�W�L�Q�J���D�W�R�P�V���W�R���W�K�H���K�\�G�U�D�W�H���V�W�U�X�F�W�X�U�H���G�R���Q�R�W���U�H�S�U�H�V�H�Q�W���D���U�D�W�L�R��

�R�I���V�P�D�O�O���Z�K�R�O�H���Q�X�P�E�H�U�V�����)�R�U���W�K�L�V���U�H�D�V�R�Q�����F�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H�V���D�U�H���U�H�I�H�U�U�H�G���W�R���D�V���Q�R�Q���V�W�R�L�F�K�L�R�P�H�W�U�L�F���V�R�O�L�G��

�F�R�P�S�R�X�Q�G�V�� �W�R�� �G�L�V�W�L�Q�J�X�L�V�K�� �W�K�H�P�� �I�U�R�P�� �V�W�R�L�F�K�L�R�P�H�W�U�L�F�� �V�D�O�W�� �K�\�G�U�D�W�H�V�����(�Q�J�O�H�]�R�V���� �������������� �7�K�H�� �W�K�U�H�H�� �P�D�L�Q��

�K�\�G�U�D�W�H�� �V�W�U�X�F�W�X�U�H�V�� �I�R�U�P�H�G�� �E�\�� �K�\�G�U�R�J�H�Q���E�R�Q�G�H�G�� �Z�D�W�H�U�� �P�R�O�H�F�X�O�H�V�� �H�Q�F�D�S�V�X�O�D�W�L�Q�J�� �J�X�H�V�W�V�� �D�U�H�� �W�K�H�� �F�X�E�L�F��

�V�W�U�X�F�W�X�U�H�� �,�� ���V�,������ �F�X�E�L�F�� �V�W�U�X�F�W�X�U�H�� �,�,�� ���V�,�,�������3�p�W�X�\�D���H�W�� �D�O������ ������������ �:�D�U�U�L�H�U�� �D�Q�G�� �.�R�K���� �������������D�Q�G�� �K�H�[�D�J�R�Q�D�O��

�V�W�U�X�F�W�X�U�H���+�����V�+�������.�R�Q�G�R���H�W���D�O���������������������D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�����������D�Q�G���7�D�E�O�H�������������,�Q���D�G�G�L�W�L�R�Q���W�R���V�,�����V�,�,�����D�Q�G��

�V�+���� �V�H�Y�H�U�D�O�� �R�W�K�H�U�� �F�U�\�V�W�D�O�� �V�W�U�X�F�W�X�U�H�V�� �K�D�Y�H�� �E�H�H�Q�� �U�H�S�R�U�W�H�G���� �L�Q�F�O�X�G�L�Q�J�� �,�,�,���9�,�,���� �7���� �D�Q�G�� �V�H�P�L���F�O�D�W�K�U�D�W�H��

�V�W�U�X�F�W�X�U�H�V���Z�K�H�U�H���J�X�H�V�W���P�R�O�H�F�X�O�H�V���F�K�H�P�L�F�D�O�O�\���E�L�Q�G���Z�L�W�K���W�K�H���K�R�V�W���Z�D�W�H�U���O�D�W�W�L�F�H�����'�R�Q�J���H�W���D�O�������������������.�R�Q�G�R��

�H�W���D�O���������������������%�D�V�H�G���R�Q���S�K�D�V�H���G�L�D�J�U�D�P�V�����W�K�H���L�G�H�D�O���F�R�Q�G�L�W�L�R�Q�V���I�R�U���F�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���D�U�H���X�V�X�D�O�O�\��

�O�R�Z���W�H�P�S�H�U�D�W�X�U�H�V���D�Q�G���K�L�J�K�H�U���S�U�H�V�V�X�U�H�V�����(�Q�J�O�H�]�R�V�������������������7�K�L�V���K�D�V���K�L�Q�G�H�U�H�G���W�K�H���X�V�H���R�I���F�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H�V��
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�L�Q���L�Q�G�X�V�W�U�L�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���G�X�H���W�R���W�K�H���S�U�R�K�L�E�L�W�L�Y�H���H�Q�H�U�J�\���U�H�T�X�L�U�H�G���I�R�U���W�K�H�L�U���V�W�D�E�L�O�L�W�\�����7�K�H���W�H�F�K�Q�R�O�R�J�\���L�V����

�K�R�Z�H�Y�H�U�����P�R�U�H���H�Q�H�U�J�\���H�I�I�L�F�L�H�Q�W���W�K�D�Q���W�U�D�G�L�W�L�R�Q�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V�H�V���X�Q�G�H�U���V�S�H�F�L�I�L�F���F�R�Q�G�L�W�L�R�Q�V�� The 

typical size of a hydrate former that can fill the hydrate cavity varies between 3.8 and 6.95 Å (Doubra 

et al., 2021; Englezos, 2022)�����$���G�H�W�D�L�O�H�G���G�H�V�F�U�L�S�W�L�R�Q���R�I���J�D�V���K�\�G�U�D�W�H�V�¶���S�K�\�V�L�F�R�F�K�H�P�L�F�D�O�����W�K�H�U�P�R�G�\�Q�D�P�L�F����

and structural properties is available in Ul Haq et al. (2022), Doubra et al. (2021) and Englezos (2022). 

Nevertheless, they are summarised in Table 1.1 and Figure 1.1, which reveals a similarity between gas 

hydrate and water or ice properties, except for mechanical strength, heat capacity and thermal 

conductivity. Similarity stems from a hydrate structure containing up to 85 % water (Doubra et al., 

2021; Englezos, 2022). The knowledge of these properties is essential for designing hydrate-based 

processes and preventing naturally occurring gas hydrates. 

 

 

Figure 2.2: Hydrate phase equilibrium curve (P-T) of Freon-12 hydrate former. (Adapted from 

Zavodovskii et al., 2020) 
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Table 2.2: Comparison between water, ice and gas hydrate properties. Provided values are based on 

methanea, tetrahydrofuranb or methane-ethane-propanec hydrates. (Adapted from Koh et al., 2011)  

Property Water Ice Structurea I  Structure II  
Thermal conductivity, ���� 
(W.m-1.K-1) 

0.58 (283 K) 2.21 (283K) 0.57 (263 K) 0.51 (261 K) 

Thermal diffusivity ��  
(m2.s-1) 

1.38 x 10-7 11.7 × 10-7 3.35 × 10-7 2.60 × 10-7 

Heat capacity, 
CP (kJ.kg-1.K-1) 

4.192 (283 K) 2.052 (270 K) 2.031 (363 K) 2.020 (261 K) 

Linear thermal expansion  
at 200 K (K-1) 

- 56 × 10-6 77 × 10-6 52 × 10-6 

Compressional wave velocity, 
VP (km.s-1) 

1.5 3.87 (5 MPa, 273 K) 3.77 (5 MPa, 273 K) 3.821b (30.4-91.6 MPa,  
258-288 K) 

Shear wave velocity, Vs  
(km.s-1) 

0 1.94 (5 MPa, 273 K) 1.96 (5 MPa, 273 K) 2.001b (26.6-62.1 MPa,  
258-288 K) 

Bulk modulus K  
(GPa) 

0.015 9.09 (5 MPa, 273 K) 8.41 (5 MPa, 273 K) 8.482b (30.4-91.6 MPa,  
258-288 K) 

Shear modulus G  
(GPa) 

0 3.46 (5 MPa, 273 K) 3.54 (5 MPa, 273 K) 3.666b (30.4-91.6 MPa,  
258-288 K) 

Density �! (kg.m-3) 999.7 (283 K) 917 (273 K) 929 (263 K) 971c (273 K);  
940c 

 

�������� �$�S�S�O�L�F�D�W�L�R�Q�V���R�I���J�D�V���K�\�G�U�D�W�H�V 

�,�Q���W�K�H���H�D�U�O�\�������W�K���F�H�Q�W�X�U�\�����F�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H�V���I�R�U�P�D�W�L�R�Q���Z�D�V���R�Q�O�\���N�Q�R�Z�Q���D�V���D���Q�X�L�V�D�Q�F�H���L�Q���W�K�H���J�D�V���D�Q�G���R�L�O��

�L�Q�G�X�V�W�U�\�����9�H�O�X�V�Z�D�P�\���H�W���D�O���������������D�����(�Q�J�O�H�]�R�V�����������������*�R���H�W���D�O���������������������7�K�H�\���L�P�S�H�G�H���W�K�H���S�U�R�G�X�F�W�L�R�Q���D�Q�G��

�W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���R�I���K�\�G�U�R�F�D�U�E�R�Q�V�����L���H�������P�H�W�K�D�Q�H�����H�W�K�D�Q�H�����D�Q�G���V�R���I�R�U�W�K�����W�K�U�R�X�J�K���S�L�S�H�O�L�Q�H���F�O�R�J�J�L�Q�J�����D�V���V�K�R�Z�Q��

�L�Q���)�L�J�X�U�H�������������7�K�L�V���F�D�X�V�H�V���S�R�W�H�Q�W�L�D�O���K�D�]�D�U�G�V���W�R���S�U�R�F�H�V�V���H�T�X�L�S�P�H�Q�W���D�Q�G���S�L�S�H�O�L�Q�H�V���D�Q�G���O�H�D�G�V���W�R���H�F�R�Q�R�P�L�F��

�O�R�V�V�H�V���� �%�H�V�L�G�H�V�����X�S�R�Q�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q���� �W�K�H�� �V�X�G�G�H�Q�� �F�K�D�Q�J�H�� �R�I�� �S�K�\�V�L�F�R�F�K�H�P�L�F�D�O�� �S�U�R�S�H�U�W�L�H�V�� ���L���H������

�Y�L�V�F�R�V�L�W�\�����L�Q���W�K�H���S�U�R�F�H�V�V���R�I���I�O�X�L�G���D�Q�G���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���S�U�H�V�V�X�U�H�V���U�H�V�X�O�W�V���L�Q���H�[�W�U�H�P�H���F�K�D�Q�J�H�V���L�Q���W�K�H���R�Y�H�U�D�O�O��

�I�O�R�Z�� �D�V�V�X�U�D�Q�F�H�� �S�U�R�F�H�V�V���� �7�K�X�V���� �W�K�H�� �S�U�H�Y�H�Q�W�L�R�Q�� �R�I�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� �K�D�V�� �D�O�Z�D�\�V�� �E�H�H�Q�� �D�� �V�L�J�Q�L�I�L�F�D�Q�W��

�F�R�Q�F�H�U�Q���� �(�Q�J�L�Q�H�H�U�V�� �D�Q�G���U�H�V�H�D�U�F�K�H�U�V�� �Z�H�U�H�� �S�U�R�P�S�W�H�G���W�R���L�Q�W�H�Q�V�L�Y�H�O�\���L�Q�Y�H�V�W�L�J�D�W�H���W�K�H���W�K�H�U�P�R�G�\�Q�D�P�L�F�V�� �D�V��

�Z�H�O�O�� �D�V�� �W�K�H�� �N�L�Q�H�W�L�F�V�� �R�I�� �J�D�V�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q���� �7�K�L�V�� �U�H�V�X�O�W�H�G�� �L�Q�� �D�� �E�H�W�W�H�U�� �X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �E�R�W�K�� �W�K�H��

�S�U�H�G�L�F�W�L�R�Q���D�Q�G���S�U�H�Y�H�Q�W�L�R�Q���R�I���F�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H�V���I�R�U�P�D�W�L�R�Q�����R�U���G�L�V�V�R�F�L�D�W�L�R�Q�����L�Q���S�H�W�U�R�O�H�X�P�����J�D�V���S�U�R�F�H�V�V�L�Q�J��

�D�Q�G���J�D�V���W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���S�L�S�H�O�L�Q�H�V���� 
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Figure 2.3: Shows a subsea pipeline plug made of gas hydrate hydrates. This conglomerate is filled 

with gas hydrate, which is white. (Adapted from Sloan and Koh, 2007) 

 

�7�K�U�R�X�J�K���L�Q�W�H�Q�V�L�Y�H���U�H�V�H�D�U�F�K���� �L�W���K�D�V�� �E�H�H�Q�� �I�R�X�Q�G���W�K�D�W���J�D�V�� �K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���F�D�Q���E�H���W�K�H�U�P�R�G�\�Q�D�P�L�F�D�O�O�\��

�S�U�H�Y�H�Q�W�H�G���W�K�U�R�X�J�K���G�L�I�I�H�U�H�Q�W���P�H�W�K�R�G�V�����%�D�Y�R�K���H�W���D�O�������������������8�O���+�D�T���H�W���D�O���������������������7�K�H���I�R�O�O�R�Z�L�Q�J���W�H�F�K�Q�L�T�X�H�V��

�D�U�H���W�K�H���P�R�V�W���S�U�R�P�L�V�L�Q�J�����D�F�F�R�U�G�L�Q�J���W�R���U�H�F�H�Q�W���V�W�X�G�L�H�V�� 

1) water removal to lower the system dew point;  

2) keeping the system temperature higher than the hydrate formation temperature;   

3) keeping the system pressure lower than the hydrate formation pressure; and    

4) using thermodynamic inhibitors.  

 

For gas hydrates to form, free water must be present. Hence, the absence of free water effectively 

prevents their formation. Consequently, water vapour can be removed from natural gas or acid gases 

(lower the system dew point) to avoid this flow assurance nuisance. The presence of water in a flowline 

can be reduced through a dehydration technique, according to Zou (2017). In addition to its suitability 

for long-distance tiebacks, this method increases reserve recovery while reducing topside water 

handling, treatment, and disposal. However, it is difficult or expensive to altogether remove water from 

gas and oil. 

 

The goal of preventing hydrate formation is generally best achieved at temperatures of about 4 °C or 

�K�L�J�K�H�U�����.�H�H�S�L�Q�J���W�K�H���I�O�R�Z�O�L�Q�H�¶�V���V�\�V�W�H�P���W�H�P�S�H�U�D�W�X�U�H���K�L�J�K�H�U���V�K�L�I�W�V���W�K�H���H�T�X�L�O�L�E�U�L�X�P���F�X�U�Y�H���W�R�Z�D�U�G�V���K�L�J�K�H�U��

pressures. Under these conditions, the flowing mixture is held outside the zone where hydrates form. 
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By insulating the flowlines, it has been reported that the temperature of the flowing mixture can be 

maintained ���$�Q�U�H�V���H�W���D�O�������������������+�R�Q�J���H�W���D�O�������������������%�H�O�O���H�W���D�O��������������������It is, however, not sufficient to 

maintain the temperature of the flowline using this method alone, regardless of the insulation used  

(i.e., dry, wet, and pipeline burial). Short flowlines are the only ones that can benefit from the technique. 

Longer flowlines will require a complementary approach, such as using active heating as a supplement 

to insulation methods. Through this technique, a suitable amount of heat is supplied to the system to 

raise the temperature above the hydrate dissociation point. Hydrate crystals are quickly dissociated in 

this way, preventing pressure build-up and possible flowline problems. Activated heating is usually 

achieved by direct electrical heating or circulating hot fluid or oil. The major advantage of this method 

is that it can be used as a preventative or remedial measure for hydrate �I�R�U�P�D�W�L�R�Q�����$�Q�U�H�V���H�W���D�O������������������

�+�R�Q�J���H�W�� �D�O������ ������������ �%�H�O�O���H�W���D�O������ ������������ These can also be used during shut-down or restart as well as 

continuous operation. Although this is true, their accomplishments do not always meet expectations and 

are not economical. Recent offshore operations in the Gulf of Mexico have employed pipeline burial as 

an affordable thermal loss reduction method ���:�D�Q�J���H�W���D�O��������������������In contrast, conventional and pipe-in-

pipe insulation can be predicted more accurately and are therefore recommended. Long-distance pipes, 

however, are more costly to heat and insulate. 

 

�$�Q�R�W�K�H�U���S�U�H�Y�H�Q�W�L�Y�H���P�H�D�V�X�U�H���I�R�U���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���L�V���W�R���N�H�H�S���W�K�H���V�\�V�W�H�P�¶�V���R�S�H�U�D�W�L�Q�J���S�U�H�V�V�X�U�H���O�H�V�V���W�K�D�Q��

the hydrate formation pressure. Hydrate formation is generally prevented using the line-depressurisation 

method ���=�R�X���� ����������. It involves reducing the system pressure sufficiently to reverse the equilibrium 

reaction at a pressure below the hydrate formation pressure at ambient temperature ���=�R�X���� ����������.  

Line-depressurisation cannot be used for long and high-pressure gas transmission pipelines. Rapid 

depressurisation at the wellhead lowers the temperature, making it more conducive to forming hydrates 

���:�D�Q�J���H�W���D�O��������������������This method is economically feasible and can be applied for gas hydrates contacting 

conventional gas reservoirs, including formations with higher permeability and depth. 

 

Hydrate inhibitors are another practical method to prevent hydrate formation in the pipeline by injecting 

the chemical agent into the free water phase. There are three types of inhibitors for gas hydrate 

formation: thermodynamic, kinetic, and anti-agglomerant (Kim et al., 2018, 2020; Wang et al., 2019; 

Semenov et al., 2021; Li et al., 2022)�� The last two are known as low-dose inhibitors. Common 

thermodynamic inhibitors include methanol, monoethylene glycol, and triethylene glycol, which are 

less corrosive and less expensive to use these inhibitors (Kim et al., 2018, 2020; Wang et al., 2019; 

Semenov et al., 2021; Li et al., 2022)�� Due to the high toxicity and large loss of MeOH during 

operations, its use is limited ���6�H�P�H�Q�R�Y���H�W���D�O��������������������A key element of hydrate inhibition is keeping 

pressure and temperature away from the hydrate formation region. The effects of these compounds alter 

the equilibrium in the hydrate phase by altering the temperature and nucleation rate that lead to 

crystallisation. This is due to the interaction between these additives and the water molecules forming 
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the hydrate host structure ���.�L�P���H�W���D�O��������������������They do this by forming hydrogen bonds with each other 

and destabilising the hydrate phase structure. 

 

In industry, these approaches to gas hydrate mitigation are used either individually or jointly. Despite 

their negative connotations in petroleum industries, clathrate hydrates have attracted considerable 

attention in numerous applications. These can be termed as positive applications of gas hydrates and 

include carbon dioxide capture ���%�D�H�Q�D���0�R�U�H�Q�R���H�W���D�O�������������������:�L�O�E�H�U�I�R�U�F�H���H�W���D�O�������������������<�X���H�W���D�O�������������������� 

seawater desalination ���&�K�R�Q�J���H�W���D�O�������������������1�J�H�P�D���H�W���D�O�������������������2�Q�J���D�Q�G���&�K�H�Q�����������������%�D�E�X���H�W���D�O������������������ 

energy recovery (hydrogen or methane), energy storage (Englezos, 1993), the concentration of dilute 

aqueous solutions as well as fruit juices (Glew, 1960; Huang et al., 1965, 1966; Ngan and Englezos, 

�������������$�Q�G�H�U�V�H�Q�¶�V���D�Q�G���7�K�R�P�V�H�Q�����������������/�L�����6�K�H�Q�����/�L�X�����)�D�Q���D�Q�G���7�D�Q�����������������/�L�����6�K�H�Q�����/�L�X�����)�D�Q�����7�D�Q����et 

al., 2015; Safari and Varaminian, 2019; Abedi-Farizhendi et al., 2020; Ghiasi et al., 2020; Doubra et 

al., 2021)����transportation ���(�Q�J�O�H�]�R�V���� ���������� and many other attractive applications. However, poor 

kinetics and harsh formation conditions hinder the industrial implementation of gas-hydrate-based 

processes. These stem from the fact that gas hydrate stability is generally achieved at low-temperature 

and high-pressure conditions. Hydrate-based processes are characterised by high operational costs due 

to refrigeration requirements and the substantial capital expenditures associated with pressure vessels. 

It is imperative to come up with a convincing reactor technology that solves the two challenges. 

 

�������� �%�D�F�N�J�U�R�X�Q�G���R�Q���I�U�X�L�W���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V�H�V 

Fruit juice (natural beverage: no additives or preservatives) results from liquid extracts from the fresh-

cut ripened fruit through a pressing or squeezing process in the commercial operation of fruit juice 

without adding heat or solvent. They are not in a thermodynamic equilibrium state, leading to adverse 

changes during storage ���*�D�P�D���H�W�� �D�O������ ��������������This is due to high moisture content (i.e., water). An 

extracted fruit juice is generally subjected to a concentration process. This amounts to partial 

dehydration without affecting or changing any contents in the solid composition to preserve juice 

freshness and reduce the costs during long-term storage, transportation, and packaging. In addition, the 

removal of moisture strengthens solid material stability. Water can be added later, closer to the point of 

sale, if necessary. Moisture content and water activity in the concentration process are recognised as 

essential factors or parameters that influence the product quality of fruit juice ���*�D�P�D���H�W�� �D�O������ ��������������

However, water activity has a more direct effect on fruit juice than moisture content. These factors may 

affect the micro- biological and chemical characteristics of fruit juice. Adverse impacts such as a change 

in colour, aroma and stability of fruit juice may result from inadequate concentration. Thus, the 

concentration process plays a crucial role in limiting water activity levels (concentrated fruit juices, 

0.80 to 0.85) to avoid bacterial spoilage and the problems above ���*�D�P�D���H�W�� �D�O������ ������������ In industrial 

processes, concentrated extracts are categorised into two types, namely, frozen (42 �Û�%�U�L�[) and regular 
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(>70���Û�%�U�L�[) (Rajauria and Tiwari, 2018).  

 

Numerous techniques are used for juice concentration due to their different advantages, as shown in 

Table 2.2. These include popular techniques such as thermal and non-thermal (i.e. evaporation and 

freeze concentration) processes as well as membrane concentration (i.e. reverse osmosis) processes 

���0�L�V�U�D���H�W���D�O�������������������=�D�P�E�U�D�Q�R���H�W���D�O�������������������'�L�Q�J���H�W���D�O�������������������&�K�D�U�F�R�V�V�H�W�����������������'�D�G�U�D�V�Q�L�D���H�W���D�O������������������

�3�H�L���H�W���D�O��������������������Table 2.3 shows the differences between these techniques in terms of product quality, 

quantity, energy consumption, and process economy (Dadrasnia et al., 2021; Doubra and Naidoo, 2021; 

Tobar-Bolaños et al., 2021). 
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Table 2.3: Advantages and disadvantages of the evaporation, membrane, and freeze-concentration processes. 

Technology Advantages Disadvantages 

Evaporation 

�x High levels of concentrated solids 
�x High evaporation rates 
�x High yield of concentrated juice 

�x Low retention of volatile aroma compounds 
�x Requirement of post treatment process to recover lost essences 
�x Sensory and nutritional alteration changes colour and diminishes antioxidant 

power 

Membrane  

�x Energy-efficient compared with freezing and evaporation 
�x Suitable for moderate temperatures and pressures 
�x Excellent retention of organic molecules of low molecular weight 
�x Stable chemical and physical properties 

�x As a result of fouling, the permeate flux rate decreases over time 
�x In order to overcome the osmotic pressure, the pumping pressures must be 

considerably higher. This leads to high pumping costs. 
�x Resulting in low concentrations 
�x Pre-treatment processes are required 

Freeze Concentration 

�x Due to the low temperatures used, the product quality is excellent 
�x Low temperatures are less likely to cause corrosion or scaling 
�x Energy consumption is lower 
�x The process uses low temperatures, which cause volatile aroma 

compounds to be retained longer. 
�x Discharged pure water does not require further treatment 
�x Hybridisation can be made easier with membrane systems 
�x Using materials that are inexpensive 
�x High mass transfer coefficient  

 

�x Compared to conventional dehydration, evaporation or membrane 
concentration operations, this procedure takes much longer 

�x The high costs of production of freeze-concentrated foods are a result of the 
abovementioned challenge combined with relatively high capital 
investments 

�x In freeze concentration, high-vacuum production is an additional expense, 
since refrigeration is costly 

�x Retention of unpalatable flavours 
�x The crystal separation process entails higher investment costs and capital 

expenditures 
�x Crystal brine separation can be challenging 
�x Growth is slow at high viscosities 

 

Table 2.4: Comparison between concentration technologies based on concentration levels, capital investment, operating costs, energy consumption, and time. 

Technology 
Maximum solids achieved 
concentration % (m/m) 

Product   Same installation for 
different juices 

Costs Energy 
consumption Quality  Quantity  Operating Capital investment 

Evaporation 60 to 65 Very poor Higher No Moderate Moderate Very high 

Membrane 25 to 30 Very good Low No High High Moderate 

Freeze concentration 40 to 55 Very good Moderate Yes High High High 
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���������� �7�K�H�U�P�D�O���S�U�R�F�H�V�V 

Thermal processing (i.e. evaporation) is by far the most widely used conventional technology for fruit 

juice concentration because of favourable economics. This technique can meet a maximum desirable in 

industrial concentration value ranging from 60 to 65 % (m/m) solids ���+�D�F�N�H�W�W���� ��������������Compared to 

other concentration systems, it can produce large quantities of products. However, despite this 

advantage, the technology provides the lowest product quality while being energy-intensive�����6�L�H�Y�H�U�V���H�W��

�D�O�������������������&�\�N�O�L�V���������������������������� A variety of organic substances are subject to degradation. For instance, 

amino acids and sugars can undergo Maillard browning and pigments, such as anthocyanin and 

carotenoids, are destroyed. Juice concentrates with high solids levels are produced by evaporation at 

temperatures of 50 to 150 °C to remove the water. Consequently, the method has been improved to 

reduce energy consumption per unit production by using a multiple-effect evaporator (i.e., shell and 

tube type) or vapour compression, which lowers the residence time of liquid extracts within the 

evaporator. Regardless of such measures to reduce energy costs, the process quality challenge 

negatively impacts heat-sensitive nutritious ingredients ���6�L�H�Y�H�U�V���H�W�� �D�O������ ������������ �&�\�N�O�L�V���� ������������ ������������

�9�L�G�D�Q�D�� �*�D�P�D�J�H���H�W�� �D�O������ ���������� �D�Q�G�� �I�U�X�L�W�� �M�X�L�F�H�¶�V�� �V�H�Q�V�R�U�\�� �D�W�W�U�L�E�X�W�H�V�����<�D�R���H�W�� �D�O������ ���������� due to lengthy 

exposure to heat. Due to the high temperatures of the process,��multi-stage evaporation still results in a 

significant loss of sensory attributes and heat-sensitive nutritional ingredients, as well as a colour 

change within a short period. 

 

Compounds associated with sensory attributes and heat-sensitive nutrients in fruit juice are soluble in 

water, so they are co-evaporated with the water, resulting in poor product quality. However, to address 

this quality challenge, lost essences (i.e., aroma) may be recovered through a system of entrapping, 

concentrating essence or cut-back process and be added back to the concentrate ���/�X�N�L�Q���H�W���D�O������ ������������

�6�D�I�I�D�U�L�R�Q�S�R�X�U���D�Q�G���2�W�W�H�Q�V�����������������&�D�V�W�U�R���0�X�x�R�]���������������� Due to its high recovery rate, the pervaporation 

membrane-based technology is considered a viable solution for recapturing lost aroma. The 

technologies utilised for aroma recovery aim to minimise the loss of sensory param- eters of fruit juice 

and heat-sensitive nutrients by producing an aroma concentrate that can be reconstituted into the final 

product. The separation of vapours and liquids continues to be a major industrial technology, possibly 

to retain the original scent of the aroma as well as standardise the process of processing it.  

 

Fruit juices containing aromas are in demand, especially in the food and beverage industry. 

Concentrated flavours are advantageous because they offer a longer shelf life, fewer packaging 

materials, and reduced distribution and storage costs. As a result of these demands, the technology has 

seen wide application in the liquid food concentrating sector. A major disadvantage of this technology 

is that it cannot maintain the original taste during the recovery process. Following concentration, they 

cannot keep the original flavour precisely; therefore, flavour adjustments or additives are needed  
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���/�X�N�L�Q���H�W�� �D�O������ ������������ �6�D�I�I�D�U�L�R�Q�S�R�X�U�� �D�Q�G�� �2�W�W�H�Q�V���� ������������ �&�D�V�W�U�R���0�X�x�R�]���� ����������. However, flavour 

adjustment strategies are unfavourable since consumer demands for highly natural, nutritious, and 

additive-free fruit juices are growing due to consumer concerns about a healthy lifestyle. 

 

Industrial concentration by thermal evaporation is generally performed under a reduced pressure to 

lower the boiling temperature (i.e., operating under vacuum) of the liquid extracts and minimise thermal 

degradation. Consequently, working at a lower temperature negatively impacts pumping and reduced 

heat transfer due to increased viscosity and concentration. In addition, this leads to slow heat transfer, 

and it requires longer retention of the liquid extract within the evaporator. As a result, this may lead to 

crystals formation, which may cause blockages and total shut-down of the processing unit. Furthermore, 

it is possible in a concentration process involving heat transfer to form fouling deposits on the surface 

of the heat transfer unit, which further hinders the heat transfer coefficient.  

 

Figure 2.3 shows many industrial evaporators, including batch pan evaporators, natural circulation 

evaporators, and forced circulation evaporators. However, the selection of evaporators has to be in line 

with the properties of fruit juice, the product quality, and the economy. This plays a vital role in avoiding 

the loss of volatile essences during condensation. Aside from minimising energy consumption, the 

selection also contributes to energy conservation. Vacuum evaporation is the most common method 

performed by a rotary evaporator.  

 

Figure 2.4: �(�Y�D�S�R�U�D�W�R�U�� �W�\�S�H�V���� ���D���� �+�R�U�L�]�R�Q�W�D�O���W�X�E�H���� ���E���� �Y�H�U�W�L�F�D�O���W�X�E�H���� ���F���� �/�R�Q�J���W�X�E�H�� �Y�H�U�W�L�F�D�O�� �D�Q�G�� ���G����

�)�R�U�F�H�G���F�L�U�F�X�O�D�W�L�R�Q�� 
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Industrial concentration by thermal evaporation is generally performed under a reduced pressure to 

lower the boiling temperature (i.e., operating under vacuum) of the liquid extracts and minimise thermal 

degradation. Consequently, working at a lower temperature may lead to crystal formation and solids 

impurities deposits, which may cause blockages and total shut-down of the processing unit. These 

challenges are mainly experienced in the first effect tubes. Furthermore, it is possible in a concentration 

process involving heat transfer to form fouling deposits on the surface of the heat transfer unit, which 

further hinders the heat transfer coefficient (from 4494.5 up to 8475.4 kJ/°C/m2/h)�����&�\�N�O�L�V��������������������������. 

In the industrial setting, for example, it is common practice to design heat exchangers with larger areas 

than required because of the risk of foulant deposition, reducing the performance ���3�D�W�L�O���H�W���D�O����������������, 

resulting in higher capital expenditures. If a 30 to 40 % excess area exists, the total capital cost can 

increase to 25 % ���3�D�W�L�O���H�W���D�O����������������. Larger areas can also facilitate foulant deposition due to lower fluid 

velocity under cleaning conditions ���3�D�W�L�O���H�W�� �D�O������ ����������. The presence of foulants on heat exchangers 

cannot be wholly avoided. Thus, they must be cleaned as soon as possible to prevent their performance 

from deteriorating. Despite its higher investment costs, tube-type heat exchangers (multi-stage 

evaporators) are still prevalent in the fruit juice industry. Designing such an evaporator requires a 

reasonable estimation of the heat transfer coefficient. Even though falling film evaporators have been 

in use for at least 50 years, the overall heat transfer coefficient and mass transfer in the fruit juice 

industry still pose concerns. 

 

���������� �0�H�P�E�U�D�Q�H���S�U�R�F�H�V�V�H�V 

Membrane-based technology is widely used in fruit juice clarification and concentration processes. It 

has become a common and significant process in food ���&�K�D�U�F�R�V�V�H�W��������������. Furthermore, the technique 

is known as the most promising alternative to the conventional methods of fruit juice concentration as 

the flavour of the freshly extracted fruit juice is well maintained without any loss ���&�K�D�U�F�R�V�V�H�W�������������� 

while operating conditions are moderate. The method improves fruit juice clarity, reduces labour and 

production costs, provides means to recover enzymes and other valuable materials during filtration, and 

facilitates waste management. Thus, the process is attractive due to its lower energy consumption and 

production of high-quality fruit juices ���&�K�D�U�F�R�V�V�H�W���� ����������. However, it is noteworthy that the 

clarification process must be installed prior to concentration. This is instrumental in achieving a more 

economically viable concentration process by rapidly increasing the concentrated fruit juice production 

rate. The freshly cut and squeezed fruit juice contains a high content of insoluble pectins, proteins, cellu- 

lose, hemicellulose and lignin ���'�t�H�]���D�Q�G���5�R�V�D�O��������������. These constituents increase the viscosity of the 

fruit juice, which leads to difficulty in the clarification process when membrane technology is used. 

�7�K�X�V�����W�K�H���I�U�X�L�W�¶�V���P�R�V�W���F�R�P�P�R�Q�O�\���X�V�H�G���S�U�H-treatment technique is an enzymatic treatment by pectinase 

or depectination process ���%�R�N�K�D�U�\���H�W���D�O�������������������5�X�G�R�O�S�K���H�W���D�O�������������������<�X���H�W���D�O����������������. In this process, 

pectinase is used to dehydrolyse pectin, which leads to the flocculation of pectin protein complexes. 
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The later juice is less viscous and contains a lower amount of pectin. This is useful for the subsequent 

membrane process to reduce fouling risks. Upon increasing the efficiency of the enzymatic process, it 

is vital to use the optimal condition of the most critical variables. These include the rate of flux, enzyme 

temperature, concentration and pH ���%�R�N�K�D�U�\���H�W���D�O�������������������3�X�W�Q�L�N���H�W���D�O�������������������5�X�G�R�O�S�K���H�W���D�O�������������������<�X��

�H�W���D�O�������������������'�t�H�]���D�Q�G���5�R�V�D�O��������������. However, the pre-treatment step is costly (pectinase is 25% of the 

processing costs), but alternative pre-treatment processes are under investigation ���<�R�X�V�H�I�Q�H�]�K�D�G���H�W���D�O������

����������. These include centrifugation processes and the addition of pure fining agents (bentonite and 

gelatin) or enzyme addition ���<�R�X�V�H�I�Q�H�]�K�D�G���H�W���D�O����������������.  

 

In particular, pressure-driven membrane-based operations, such as microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO), as shown in Figure 2.4, have been used extensively 

in different industrial applications, including fruit juice concentration industry ���'�t�H�]���D�Q�G���5�R�V�D�O����������������

�<�D�G�D�Y���H�W���D�O�������������������� 

 

 

Figure 2.5: �7�\�S�H�V�� �R�I�� �S�U�H�V�V�X�U�H���G�U�L�Y�H�Q�� �P�H�P�E�U�D�Q�H�V���� �P�L�F�U�R�I�L�O�W�U�D�W�L�R�Q�� ���0�)������ �X�O�W�U�D�I�L�O�W�U�D�W�L�R�Q�� ���8�)������

�Q�D�Q�R�I�L�O�W�U�D�W�L�R�Q�����1�)�������D�Q�G���U�H�Y�H�U�V�H���R�V�P�R�V�L�V�����5�2�������$�G�D�S�W�H�G���I�U�R�P���7�R�E�D�U���%�R�O�D�x�R�V���H�W���D�O������������������ 

 

These pressure-driven membrane processes reduce energy usage by eliminating phase change in the 

fruit concentration process. The primary separation mechanism in MF, UF and NF membranes is size 

exclusion. Generally, RO membranes are used for separating low molecular weight compounds from a 

relatively pure solvent since their pores are microscopic. It is common to use MF and UF membranes 

to remove particles, while RO and NF membranes are used to recover nutrients. In recent years, new 
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membrane processes have gained popularity for the extraction of components associated with the 

sensory attributes and heat-sensitive nutrients. These membrane processes include pervaporation (PV), 

membrane distillation (MD) and osmotic distillation (OD) ���&�U�L�V�F�X�R�O�L�����������������3�H�L���H�W���D�O�������������������3�L�D�]�]�D���H�W��

�D�O�������������������:�H�Q�W�H�Q���H�W���D�O����������������. Selecting these membrane types depends on their chemical and physical 

(pore size and pore size distribution) nature. These properties affect the separation of clarified liquid 

streams. However, other factors such as operating conditions (pressure, concentration, and temperature) 

and the type of fruit juice (maturity level and desired quality) also affect the separation of clarified 

liquid streams. MF and UF membranes are commonly used to remove particles, while RO and NF 

membranes are applied as nutrient recovery techniques. Despite favourable operating conditions, these 

techniques can only lead to a maximum concentration range of 25 to 30 % (m/m). These concentration 

levels are lower than those typically resulting from thermal evaporation and freeze concentration 

processes. This is due to severe fouling and a reduced permeate flux rate�����/�X���H�W���D�O����������������. The residual 

pomace in fruit juice could block the tiny holes in the membrane, leading to a high membrane 

replacement cost. Several techniques are used to avoid this complex phenomenon, including ultrasonic 

vibration, periodic backwashing with air or N2, pulsating flow, turbulence promoters, and antifoaming 

agents ���%�R�N�K�D�U�\���H�W���D�O�������������������5�X�G�R�O�S�K���H�W���D�O�������������������<�X���H�W���D�O�������������������'�t�H�]���D�Q�G���5�R�V�D�O��������������. High cross-

flow velocity also reduces the development of concentration polarisation and restores the permeate flux, 

preventing membrane fouling if not monitored. The two distinct flow patterns are depicted in  

Figure 2.5. Reducing membrane fouling and concentration polarisation is possible by increasing the 

system temperature. 

 

 

Figure 2.6: �$���6�F�K�H�P�D�W�L�F���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���P�H�P�E�U�D�Q�H���V�\�V�W�H�P���P�R�G�X�O�H���R�S�H�U�D�W�L�R�Q�V�������D�����'�H�D�G���H�Q�G���D�Q�G�����E����

�&�U�R�V�V���I�O�R�Z�����$�G�D�S�W�H�G���I�U�R�P���7�R�E�D�U���%�R�O�D�x�R�V���H�W���D�O������������������ 

 

Despite this, none of these is useful on its own. Fouling attached to the membrane acts as an initiator 
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for binding the more foulers, so the fouling cannot be completely eliminated. In contrast, a regular 

cleaning regime combined with the right processing conditions keeps a membrane in good working 

condition for a very long time. Thus, the com- mercialisation of membrane-based technology has been 

hindered by high investment costs due to high utility requirements (i.e. energy, pure water and rapid 

cleaning) and the phenomenon known as membrane fouling ���%�R�N�K�D�U�\���H�W���D�O�������������������5�X�G�R�O�S�K���H�W���D�O������������������

�<�X���H�W���D�O�������������������'�t�H�]���D�Q�G���5�R�V�D�O�������������������'�X�H���W�R���P�H�P�E�U�D�Q�H���I�R�X�O�L�Q�J���D�Q�G���S�U�H�V�V�X�U�H���O�L�P�L�W�D�W�L�R�Q�V�����L�W���L�V�Q�¶�W���H�D�V�\��

to reach a favourable concentration of juice products by pressure-driven membranes. Consequently, it 

is more common to use them to preconcentrate juice rather than to replace the thermal method. As an 

alternative to pressure-driven membranes, research is currently being conducted on new membrane 

classes (OD, MD, and PV), which offer potent advantages of higher permeate flux rates and less fouling 

���6�D�I�I�D�U�L�R�Q�S�R�X�U���D�Q�G���2�W�W�H�Q�V�����������������<�D�Q���H�W���D�O�������������������&�U�L�V�F�X�R�O�L�����������������/�L�J�X�R�U�L���H�W���D�O�������������������3�H�L���H�W���D�O������������������

�:�H�Q�W�H�Q���H�W���D�O������������������������������ 

 

���������� �)�U�H�H�]�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V 

Freeze concentration, an emerging food technology, is based on solid-liquid phase separation, which 

occurs in a manner that requires low temperatures and the non-existence of a liquid-vapour interface. 

As a result of this technology, the water content in fruit juice solutions is wholly or partially frozen, 

leaving the unfrozen concentrated solution rich in solutes. Compared to the thermal evaporation 

process, due to low temperatures used, this technique can retain thermal sensitive components of liquid 

food, viz., volatile aroma and flavours. It gives the best sensory quality and has been reported to meet 

the quality of freshly extracted fruit juice, which exceeds that processed by thermal evaporation 

���(�Q�J�O�H�]�R�V������������������Thus, it has been regarded as a credible alternative to conventional technologies used 

in a concentration of fruit juices, such as thermal and membrane processes. The energy requirements in 

the freeze concentration process compared to thermal processes is much lower  

���&�\�N�O�L�V�����������������'�L�Q�J���H�W���D�O��������������������This has been observed when both were compared theoretically by 

looking at the heat of evaporation (2260 kJ/kg) and enthalpy of freezing (335 kJ/kg) at atmospheric 

pressure (101 kPa). In addition to the energy savings associated with this freeze concentration process, 

the low-temperature requirements lead to low-cost equipment construction.  

 

Additionally, freeze concentration requires no pre-treatment process nor fouling, unlike thermal 

evaporation or membrane separation. Freeze concentration can be accomplished with a single or multi-

stage unit, depending on the production scale. On the other hand, a multi-stage freeze concentrator can 

consume less energy and produce more. As opposed to conventional systems, the food industry prefers 

a single-pass freeze concentration system due to its simplicity and ease of use. In Figure 2.6, various 

types of freeze concentration processes are shown.  



25 
 

 

Figure 2.7: �&�R�Q�F�H�Q�W�U�D�W�L�R�Q���P�H�W�K�R�G�V���W�K�U�R�X�J�K���I�U�H�H�]�L�Q�J�����$�G�D�S�W�H�G���I�U�R�P���'�D�G�U�D�V�Q�L�D���H�W���D�O���������������������7�K�H���W�Z�R��

�P�H�W�K�R�G�V�� �D�U�H�� ���D���� �V�X�V�S�H�Q�V�L�R�Q�� �F�U�\�V�W�D�O�O�L�V�D�W�L�R�Q�� �D�Q�G�� ���E���� �S�U�R�J�U�H�V�V�L�Y�H�� �I�U�H�H�]�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �$�� �U�H�G�� �D�U�U�R�Z��

�L�Q�G�L�F�D�W�H�V���K�H�D�W���W�U�D�Q�V�I�H�U���G�L�U�H�F�W�L�R�Q�� 

 

Despite an energy advantage in the freeze concentration process, its large-scale industrial 

implementation has not been widely adopted industrially. This is due to several technical issues, which 

include possible precipitation of soluble solutes, a considerable loss of solid contents (solutes stick to 

the surface of the crystals, which lowers the solid material in concentrate), lengthy hold-up and start-up 

times, and high capital costs (i.e., costs of refrigeration, equipment investments and operation)  

���4�L�Q���H�W���D�O����������������. In the concentration process of fruit juices by freeze concentration, it is reported that 

there is a formation of a smooth and impermeable layer on the surface. In addition, freeze con- 

centration technology can reach a maximum concentration of 40 to 55 % (m/m) solids ���+�D�F�N�H�W�W���������������� 

This degree of concentration is somewhat lower than that provided by thermal evaporation but higher 

than that offered by membrane processes. This is caused by a decrease in ice crystal growth rate and 

diameter due to a rise in solute concentration that causes an increase in nucleation. In addition, when 

the solute concentrations are high, they can solidify together with the ice, and it would be difficult to 

separate them. Ice crystals grow greatly as heat is removed from the sample until the sample temperature 

�E�H�F�R�P�H�V���Y�H�U�\���O�R�Z���Z�K�H�Q���P�D�V�V���W�U�D�Q�V�I�H�U���S�U�R�E�O�H�P�V���F�D�X�V�H���W�K�H���J�U�R�Z�W�K���U�D�W�H���W�R���G�H�F�U�H�D�V�H�����$���M�X�L�F�H�¶�V���Y�L�V�F�R�V�L�W�\��

�D�Q�G�� �I�U�H�H�]�L�Q�J�� �S�R�L�Q�W�� �G�H�W�H�U�P�L�Q�H�� �W�K�L�V�� �W�H�F�K�Q�R�O�R�J�\�¶�V�� �P�D�[�L�P�X�P�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �$�V�� �W�K�H�� �I�U�X�L�W�� �M�X�L�F�H�� �E�H�F�R�P�H�V��

viscous, it prevents the ice crystals from growing. The third challenge of this technique is its increased 

physical properties with a decrease in juice temperature. In this way, ice crystals are continuously 

formed till they reach a separable size. Moreover, forming large crystals requires longer residence times 

(and therefore larger equipment), making it difficult to separate them in a subsequent step (e.g., ice 

separator) whose capacity is inversely proportional to the viscosity. As a result, the wall and ice layers 

have a considerable heat transfer resistance, which results in a large heat transfer area with a low heat 

transfer rate and a long crystallisation time ���0�L�\�D�Z�D�N�L���D�Q�G���,�Q�D�N�X�P�D�����������������<�D�R���H�W���D�O�������������������4�L�Q���H�W���D�O������

������������ In addition, due to the directional freezing principle involved in freeze concentration application, 

its heat transfer rate is generally higher than the mass transfer rate in the process. Hence, ice has a low 
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mass diffusion coefficient and a high thermal conductivity. Therefore, diffusion of sensory parameters 

and heat-sensitive nutrients leads to supercooling (constitutional supercooling) at the tip region, where 

crystals form in a dendritic pattern ���'�D�G�U�D�V�Q�L�D���H�W�� �D�O������ ������������ The two methods of concentration by 

freezing are presented in Figure 2.6.  

 

The technique is also energy-intensive (35 to 40 kWh/t) due to the operating temperature below the 

freezing point and the nature of the feed solutions that are being concentrated ���-�L�D�R���H�W���D�O����������������. The 

solidification of water in most fruit juices requires substantial energy since most juices contain more 

than 80% water by volume. However, when there is little water content in the crystallisation process, 

the energy demand is significantly reduced. Thus, for these reasons, freeze concentration is only utilised 

in the production of high-value products in much lower quantities where high-sensitive components are 

retained ���'�D�G�U�D�V�Q�L�D���H�W���D�O������������������ 

 

There are costs associated with juice loss and the struggle to remove ice crystals without losing solids 

in freeze concentration (i.e., $2 M for 10 m3/h capacity), which are higher than those associated with 

evaporation ���'�D�G�U�D�V�Q�L�D���H�W���D�O������������������ As a result of its high capital and energy costs, the technology has 

not been able to achieve wide-�V�F�D�O�H�� �L�Q�G�X�V�W�U�L�D�O�� �D�S�S�O�L�F�D�W�L�R�Q�V���� �$�G�G�L�W�L�R�Q�D�O�O�\���� �W�K�L�V�� �W�H�F�K�Q�R�O�R�J�\�¶�V�� �P�D�M�R�U��

drawback is the use of hazardous refrigerants. As a result of its potentially explosive flammability limit, 

this refrigerant is also a major safety concern. A new generation of equipment known as IceCon  

���Y�D�Q���%�H�H�N���H�W���D�O�������������������'�D�G�U�D�V�Q�L�D���H�W���D�O������������������has been developed in response to these inconveniences. 

The new generation of equipment produces slurry crystallisation by combining nucleation and growth. 

�7�K�H���V�O�X�U�U�\�¶�V���F�U�\�V�W�D�O�O�L�V�D�W�L�R�Q���D�Q�G���L�F�H���J�U�R�Z�W�K���S�U�R�G�X�F�W�L�R�Q���R�F�F�X�U���L�Q���W�K�H���V�D�P�H���Y�H�V�V�H�O���Y�H�V�V�H�O�����0�R�X�V�V�D�R�X�L���H�W��

�D�O�������������������5�H�]�Y�D�Q�L���'�D�V�W�J�H�U�G�L���D�Q�G���&�K�X�D��������������. It simplifies the design of the equipment and eliminates 

the need to pressurise the vessels and internal filters. A capital cost reduction of 35 % and a reduction 

of 20 % in energy consumption can be achieved through these improvements. 

 

�������� �(�[�S�H�U�L�P�H�Q�W�D�O���V�W�X�G�L�H�V���U�H�O�H�Y�D�Q�W���W�R���J�D�V���K�\�G�U�D�W�H���E�D�V�H�G���I�U�X�L�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q 

������������ �3�U�L�Q�F�L�S�O�H���R�I���J�D�V���K�\�G�U�D�W�H���E�D�V�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q 

Concentration by clathrate hydrate formation is similar to the freeze concentration process. Both 

processes are based on the fact that the solids materials present in the aqueous solution are not contained 

within the ice or gas hydrate crystal structure ���(�Q�J�O�H�]�R�V���� ������������ Ice formation during freeze 

concentration is replaced by hydrate crystal formation during clathrate hydrate concentration 

���9�H�O�X�V�Z�D�P�\���H�W���D�O���������������E�����+�D�V�V�D�Q�S�R�X�U�\�R�X�]�E�D�Q�G���H�W���D�O�������������������(�Q�J�O�H�]�R�V��������������. Since gas hydrate can 

be formed above 0 °C, energy use becomes smaller than that in freeze concentration. Hydrate-based 

concentration is expected to be less energy-intensive than evaporation, membrane technology and 

freeze concentration. Thus, the critical advantage of this process is energy-saving when operated at 
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moderate pressures and temperatures.  

 

To concentrate dilute aqueous solution via gas hydrate formation, the selected gas that is capable of 

forming hydrate is forced into an aqueous mixture under suitable conditions in terms of temperature 

and pressure. Gas hydrate is then removed from the concentrated aqueous solution by utilising the 

centrifugation process ���'�R�Q�J���H�W���D�O�������������������'�R�X�E�U�D���H�W���D�O������������������ Water and gas from gas hydrates are 

separated by elevating the temperature or reducing pressure, or combining the two approaches to 

decompose the gas hydrate crystals. In order to save on utility requirements, the hydrate-forming gas is 

then separated from water and recycled back for subsequent gas hydrate formation ���(�Q�J�O�H�]�R�V���������������� It 

is worth mentioning that most reported hydrate formers are not environmentally friendly in the 

concentration process of food. Hence, care should be taken to select gases that would not lead to juice 

poisoning, or a compromise should be found between environmentally friendliness and safety when 

selecting hydrate formers.  

 

There is not much information about typical gas hydrate-based processes for the juice concentration 

process. The literature, however, indicates that CO2 is already widely used in the food processing 

industry as it is not toxic to humans. Technology based on CO2 hydrates may then be regarded as a 

gentle, new way to concentrate fruit juices. Based on the literature survey, the flowsheet presented in 

Figure 2.7 can be considered as a good description of operations involved in fruit juice concentration 

via clathrate hydrate formation.  
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Figure 2.8: The flowsheet of the hydrate-based juice concentration process 

 

In order to concentrate fruit juice, a hydrate former and fresh juice must be mixed in the jacketed reactor 

in which gas hydrate forming conditions are achieved. Before this, fruit juice is cooled down to improve 

the hydrate formation efficiency and avoid any microbiological changes in the juice that might occur 

and lead to the loss of bioactive compounds. Moreover, this will reduce the coolant pumped (P-3) flow 

from the refrigerator to the reactor. Thus, the freshly extracted juice will be cooled by passing through 

a series of heat exchangers (HX-1, 2 and 3). The cooling energy which is sourced from process streams 

(HX-1, 2 and 3), is part of energy recovery. Therefore, juice at a lower temperature closer to that 

required to form hydrates is fed into the hydrate reactor and the hydrate former. As part of energy- 

saving, the hydrate former is continually being supplied by the hydrate former storage tank, which is 

recovered from the process. However, in case of any losses during the process, make-up gas hydrate 

former may be used to overcome shortages. The hydrate reactor has an incorporated mechanical stirrer 

which enhances the process kinetics. The hydrate slurry exiting the hydrate reactor is pumped (P-2) to 
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a high-pressure centrifuge to separate the juice concentrate from gas hydrate crystals. The latter is 

subsequently conveyed to a hydrate dissociator. At this stage, the separation between pure water and 

the hydrate former is affected by setting the mixture conditions at ambient temperature and pressure. 

These two components of the hydrate phase are recycled to the reactor. The hydrate former leaving the 

hydrate dissociator top is mixed with another stream of gas hydrate former and compressed into the 

hydrate former storage tank. Pure water is collected at the bottom of the dissociation vessel. This 

recovered water can be reused in other sections of the plant. 

 

Dehydration ratio (water content removed) is a key parameter used in most convectional processes for 

fruit juice concentration to assess the process separation efficiency. It is calculated utilising the 

following equation: 

                        (2.1) 

where n denotes the hydration number (Fakir et al., 2021), �¨�Qg is the amount of gas consumed through 

clathrate hydrate formation (Abedi-Farizhendi et al., 2020; Pahlavanzadeh et al., 2020; Fakir et al., 

2021), and nw0 denotes the initial number of water molecules in the liquid phase (Fakir et al., 2021).  

 

�7�K�L�V�� �S�D�U�D�P�H�W�H�U���L�V���U�H�O�D�W�H�G���W�R���W�K�H���I�L�Q�D�O���S�U�R�G�X�F�W�¶�V�� �H�[�S�H�F�W�H�G���G�H�J�U�H�H���R�I�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�V���L�W���D�O�O�R�Z�V���I�R�U���W�K�H��

calculation of the final concentrated juice volume from known raw juice. Moreover, depending on the 

nature of the initial juice and expected product, this parameter also provides more insights into the 

�S�U�R�F�H�V�V���H�Q�H�U�J�\���U�H�T�X�L�U�H�P�H�Q�W�V�����&�R�Q�F�H�Q�W�U�D�W�H�G���I�U�X�L�W���M�X�L�F�H�¶�V���S�U�H�V�H�U�Y�D�W�L�R�Q���D�Q�G���H�[�W�H�Q�G�H�G���V�K�H�O�I-life depend on 

the dehydration ratio. The maximum juice preservation and extended shelf-life can be effectively 

achieved at high dehydration ratios. However, the process requires more energy at these levels of 

dehydration ratios. Despite this challenge, gas hydrate technology can easily achieve higher dehydration 

ratios than conventional concentration processes. Energy-wise, compared to other conventional 

technologies, gas hydrate promises to be an energy-saving technology. This is supported by Doubra et 

al. (2021), who estimated energy requirements as 180 to 2160 kJ/kg-water, 936 to 1800 kJ/kg-water, 

and 252 to 360 kJ/kg-water for evaporation, freeze concentration and hydrate-based concentration 

processes, respectively. The literature also reveals that the economic evaluation of hydrate-based 

concentration processes can be undertaken from the knowledge of the type of juice (its constituents), 

the type of hydrate former, the operating pressure, the operating temperature, the initial juice 

concentration, etc. (Doubra et al., 2021). In order to design and analyse hydrate-based concentration 

processes to establish their economic viability, thermodynamic, kinetic, and heat and mass transfer 

studies are required. 
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������������ �(�[�S�H�U�L�P�H�Q�W�D�O���W�K�H�U�P�R�G�\�Q�D�P�L�F���V�W�X�G�L�H�V���� 

There is no industrial plant anywhere in the world that concentrates fruit juice through gas hydrate 

formation as all requirements are not yet met for that end. These include accurate thermodynamic, 

kinetic, mass and heat transfer data for investigated juices under hydrate forming conditions and 

thermophysical properties of various materials involved in the concentration process. Concerning gas 

hydrate-based concentration, studies reported in the literature are mostly concerned with 

thermodynamic data measurements to provide the information required for process design, modelling 

and simulation. Table 2.4 summarises major systems that have been investigated in the open literature.  
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Table 2.5: Experimental studies for gas hydrate dissociation in fruit juice systems. 

Author (s) Hydrate former Aqueous 
 system 

Dissociation 
conditions p[MPa] 

Dissociation 
conditions T/[K] 

Concentration 
(w/w) 

Data 
 point 

Dehydratio
n rate (v/v) 

Study 

(Li, Shen, Liu, Fan, 
Tan, et al., 2015) CO2 + H2O Tomato 2.33 - 4.10 278.42 - 282.5 - 5.0 19.0 -63.2 Experimental study of concentration of 

tomato juice by CO2 hydrate formation 
(Li, Shen, Liu, Fan 
and Tan, 2015) CO2  + H2O Orange  2.36 - 4.15 278.77 - 282.77 87.7 5.0 21.0 -57.2 Experimental study of concentration of 

tomato juice by CO2 hydrate formation 

(Li et al., 2017) C2H4 + H2O Orange 0.75 - 1.63 275.0 - 281.4 87.7 5.0 92.8 
An energy-efficient juice concentration 
technology by ethylene hydrate 
formation 

(Li et al., 2014) C2H4 + H2O Orange 0.70 - 4.43 275.15 - 276.73 87.7 > 20.0 99.3 
A Novel Orange Juice Concentration 
Method Based on C2H4 Clathrate 
Hydrate Formation 

(Li et al., 2014) C2H4 + H2O Orange 0.65 - 2.10 275.11 - 276.0 87.7 > 20.0 20.2  
A Novel Orange Juice Concentration 
Method Based on C2H4 Clathrate 
Hydrate Formation 

(Huang et al., 1966) CCl3F + H2O Apple - 273.65 - 275.15 10 - 30 5.0 ±80 
Gas hydrates in aqueous-organic 
systems. II. Concentration by gas 
hydrate formation 

(Huang et al., 1966) CH3Br + H2O Apple  - 273.65 - 275.15 10 - 30 5.0 ±80 
Gas hydrates in aqueous-organic 
systems. II. Concentration by gas 
hydrate formation 

(Huang et al., 1966) CCl3F + H2O Orange  - 273.65 - 275.15 10 - 36 5.0 ±80 
Gas hydrates in aqueous-organic 
systems. II. Concentration by gas 
hydrate formation 

(Huang et al., 1966) CCl3F + H2O Tomato - 273.65 - 275.15 - 6 ±80 
Gas hydrates in aqueous-organic 
systems. II. Concentration by gas 
hydrate formation 

(Li et al., 2016) CO2 + H2O Orange 2.40 - 4.40 278.30 - 282.70 87.7 5.0 - 

Measurement and Prediction of 
Hydrate Phase Equilibrium of Orange 
Juice + CO2, C2H4 or C2H6 for Orange 
Juice Concentration 

(Li et al., 2016) C2H4 + H2O Orange  0.76 - 1.64 275 - 281.5 87.7 5.0 - 

Measurement and Prediction of 
Hydrate Phase Equilibrium of Orange 
Juice + CO2, C2H4 or C2H6 for Orange 
Juice Concentration 

(Li et al., 2016) C2H6 + H2O Orange 0.75 - 1.46 275.85 - 280.60 87.7 5.0 - 

Measurement and Prediction of 
Hydrate Phase Equilibrium of Orange 
Juice + CO2, C2H4 or C2H6 for Orange 
Juice Concentration 
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(Safari and 
Varaminian, 2019) 

CO2  + H2O Orange - - - - - 
Study the kinetics and thermodynamics 
conditions for CO2 hydrate formation 
in orange juice concentration 

(Safari and 
Varaminian, 2019) THF + H2O Orange - - - - - 

Study the kinetics and thermodynamics 
conditions for CO2 hydrate formation 
in orange juice concentration 

(Claßen et al., 2019) CO2  + H2O Apple - - - - - 
Concentration of apple juice using CO2 
gas hydrate technology to higher sugar 
contents 

(Seidl et al., 2019) CO2  + H2O Orange 1.5 �± 3.95 273.65 �± 280.55 - 8 - 
Food technological potentials of CO2 
gas hydrate technology for the 
concentration of selected juices 

(Seidl et al., 2019) CO2  + H2O Apple 3.45 �± 4.3 278.85 - 282.15  - > 20.0 - 
Food technological potentials of CO2 
gas hydrate technology for the 
concentration of selected juices 

(Ghiasi et al., 2020) CO2  + H2O Tomato 2.32 - 4.11 278.41 - 282.5 - 5.0 - 

Clathrate hydrate based approach for 
concentration of sugar aqueous 
solution, orange juice, and tomato 
juice: Phase equilibrium modeling 
using a thermodynamic framework 

(Ghiasi et al., 2020) CO2  + H2O Orange 2.37 - 4.39 279.59 - 282.8 - 5.0 - 

Clathrate hydrate based approach for 
concentration of sugar aqueous 
solution, orange juice, and tomato 
juice: Phase equilibrium modeling 
using a thermodynamic framework 
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It emerges that there is little available information in the literature on juice concentration by hydrate 

formation (Huang et al., 1965, 1966; Li et al., 2014, 2016, 2017; Li, Shen, Liu, Fan and Tan, 2015; Li, 

Shen, Liu, Fan, Tan, et al., 2015; Safari and Varaminian, 2019). This is evidenced by scarce phase 

equilibrium data and kinetic data of clathrate hydrate systems relevant to the fruit juice concentration 

process. Altogether, 13 research articles are available in the literature on gas hydrate-based fruit juice 

concentration (sugar cane juice is obviously excluded) between 1966 and 2020. This is because the field 

�R�I���µ�S�R�V�L�W�L�Y�H�¶���J�D�V���K�\�G�U�D�W�H���D�S�S�O�L�F�D�W�L�R�Q�V���L�V���U�H�O�D�W�L�Y�H�O�\���Q�H�Z�����7�K�H���K�L�V�W�R�U�\���R�I���J�D�V���K�\�G�U�D�W�H-based research can 

be declined in terms of published articles as recorded on Scopus database as follows: one research for 

each of the years 1966, 1969, 1978, 2004, 2009, 2017, 2019 and three articles each for the years 2020 

and 2021. Most papers focus on finding the optimal conditions for lowering the water content in fruit 

juices. The reported experimental studies were successful in achieving this in some instances. 

Dehydration ratios as high as 80% were reported, as seen in Table 2.4. It was found that factors such as 

initial concentration, temperature, pressure, juice volume, and stirring speed in hydrate concentration 

technology are factors limiting the maximum water removal for investigated fruit juices. 

Thermodynamic studies aim to determine the stability conditions of gas hydrates in systems involving 

juices. This is achieved through phase equilibrium measurements, mostly in terms of hydrate-

dissociated conditions. The investigated crops thus far include tomato, apple, and orange. 

 

�7�R�P�D�W�R���M�X�L�F�H 

Hydrate-based tomato juice concentration has been reported in three different studies from two 

laboratories. While investigating the use of gas hydrate formation for the concentration of dilute juices 

(Huang et al., 1966), undertook experiments using two halogenated hydrates formers that are also well-

known refrigerants, i.e. fluoromethane (CH3F) and bromomethane (CH3Br). In this thermodynamic 

study, Huang and coresearchers used a basket-type centrifuge to separate the juice-rich liquid phase 

from the hydrate phase consisting of water and the entrapped hydrate formers. They drew inspiration 

from their previous work in which they reported the characteristics of different refrigerants as hydrate 

formers and highlighted the possibility of forming consider- able amounts of hydrates in aqueous 

solutions containing lipids, carbohydrates, or proteins (Huang et al., 1965).   

 

The two hydrate formers used in tomato juice concentration experiments were not selected at random; 

refrigerants generally form hydrates under moderate conditions. This would lead to energy savings 

should the process be industrially implemented. However, the success reported by these researchers 

would be referred to as mixed as the hydrate formers significantly degraded the sensory properties and 

the appearance of tomato juice, although an 80 % of dehydration rate was reported through a single 

pass. This is attributed to juice oxidation caused by the enzymatic and chemical reactions between 

refrigerant and juice bioactive contents.  
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Addressing the shortcomings associated with the application of refrigerants in fruit juice concentration, 

as reported by Huang et al. (1966), the need for more suitable hydrate formers was raised. In this 

context, Li, Shen, Liu, Fan, Tan, et al. (2015) proposed tomato juice concentration utilising carbon 

dioxide (CO2). This hydrate former has already been used for various purposes in beverages. Its 

disadvantage lies in the fact that carbon dioxide forms stable hydrates at lower temperatures and higher 

pressures, which are harsh conditions compared to most refrigerants and some hydrocarbons such as 

ethylene, propane, and propylene. The effect of temperature and juice volume on water removal from 

juice was also investigated. The hydration ratio increased with decreasing temperature. Moreover, it 

was reported that an increase in juice volume lowers the dehydration rate due to insufficient agitation. 

They reported a maximum dehydration rate of 63.2 % at a feed pressure of 3.95 MPa and a juice volume 

of 80 mL. 

 

�$�S�S�O�H���M�X�L�F�H 

The only research articles on hydrate-based apple juice concentration were published by Huang et al. 

(1966) and Claßen et al. (2020). In these publications, equilibrium data for apple was reported. Huang 

et al. (1966) claimed dehydration ratios of 88 % and 80 % of the water from the juice when using CH3Cl 

and CCl3F as hydrate formers, respectively. However, Claßen et al. (2020) claimed dehydration ratios 

of 30 % of the water and CO2 were used as a hydrate former.  

 

�2�U�D�Q�J�H���M�X�L�F�H 

The very first scientific article addressing hydrate-based orange juice concentration was published by  

Huang et al. (1966). Still, in response to the need to replace refrigerants, Li et al. (2014, 2016, 2017) 

substituted ethane as well as ethylene instead of carbon dioxide, while Safari and Varaminian (2019) 

used tetrahydrofuran (THF) as a hydrate former. In all likelihood, carbon dioxide was substituted by 

other hydrate formers in a quest for moderate operating conditions, as explained previously. 

 

Li et al. (2014) reported experimental thermodynamic data for ethylene hydrate in the presence of 

orange juice. A high-pressure stirred batch reactor was used to form hydrates at various initial pressures 

and temperatures. Dehydration ratios ranging from 20.2 and 99.3 % were obtained. It was observed that 

secondary nucleation occurred at high initial pressures, resulting in high dehydration ratios. However, 

this phenomenon led to longer times to attain thermodynamic equilibrium. Hence, very high 

dehydration ratios render the hydrate-based orange juice concentration energy-intensive when ethylene 

is used as a hydrate former. 

 

Li, Shen, Liu, Fan and Tan (2015) carried out an experimental study on the concentration of orange 
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juice using CO2 �K�\�G�U�D�W�H���W�H�F�K�Q�R�O�R�J�\�����7�K�H�V�H���U�H�V�H�D�U�F�K�H�U�V�¶���L�Q�W�H�U�H�V�W���Z�D�V���W�R���R�S�W�L�P�L�V�H���W�K�H���&�22 hydrate process 

and assess the possibility of commercialising the technology despite the high energy requirements 

reported in the literature. Experimental phase equilibrium measurements were carried out using an 

isochoric pressure-search method to address this. The effect of numerous factors on hydrate formation 

was assessed and evaluated for the reliability of the proposed optimised conditions. The stirrer speed 

did not affect the dehydration ratio. The rate of hydrate formation increased with increasing initial 

pressure. The findings presented by these authors confirmed as well the effectiveness of CO2 gas 

hydrate technology to concentrate fruit juice. However, a practical tool like response surface 

methodology may be used for further investigations. This may assist in obtaining optimum conditions 

and evaluating the techno-economic viability of the CO2 gas hydrate-based concentration.  

 

To compare the effect of the hydrate former on concentration efficiency, Li et al. (2016) undertook a 

thermodynamic study on orange juice concentration in systems involving carbon dioxide, ethylene and 

methane hydrates.  This study established ethane as an effective hydrate former that can be used as well 

in orange juice concentration processes. Despite encouraging results achieved using methane (CH4) and 

ethylene (C2H4) as hydrate formers, their application in the food industry for human consumption is still 

questionable.  However, CO2 as a hydrate former offers better energy savings than methane and ethylene 

and better preservation of bioactive compounds. Moreover, CO2 gas is considered benign and has been 

widely used in the food processing industry. The fact that gas CO2 hydrates form at higher pressures. 

This may hinder its commercialisation due to the high requirements of compression.  

 

More recently, Li et al. (2017) claimed to have reached a maximum dehydration rate of 92.8% from 

thermodynamic equilibrium data of the water-ethylene-orange juice system under hydrate forming 

conditions using the isochoric search method.  

  

������������ �(�[�S�H�U�L�P�H�Q�W�D�O���N�L�Q�H�W�L�F���V�W�X�G�L�H�V 

While Thermodynamics will allow one to determine maximum dehydration ratios at various pressures 

and temperatures, kinetics is instrumental in understanding the progress (extent) of water-to-hydrate 

conversion as a function of time. Experimental kinetic data, which were reported in the literature by 

Claßen et al. (2020), Safari and Varaminian (2019), Li, Shen, Liu, Fan, Tan, et al. (2015) and Li, Shen, 

Liu, Fan and Tan (2015) are summarised in Table 2.5. 
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Table 2.6: Studies of hydrate formation kinetics in fruit juice systems. 

Author (s) Hydrate 
former 

Aqueous 
 system 

Initial 
conditions 

p[MPa] 

Initial 
conditions 

T/[K]  

Kinetic 
parameter 

Concentration  study 

(Li, Shen, 
Liu, Fan, 
Tan, et al., 
2015) 

CO2 + H2O Tomato 1.81 �± 
3.95 

275.8 kapp : 0.94 �± 2.01 94.4 wt.% (H2O) 

Experimental 
study of 
concentration of 
tomato juice by 
CO2 hydrate 
formation 

(Li, Shen, 
Liu, Fan 
and Tan, 
2015) 

CO2  + H2O Orange  1.96 - 4.1 275.8 kapp : 0.67 �± 1.91 94.4 wt.% (H2O) 

Experimental 
study of 
concentration of 
tomato juice by 
CO2 hydrate 
formation 

(Safari and 
Varaminian
, 2019) 

CO2  + H2O Orange 2 �± 3.5 275.15 �± 
276.15 

dp/dt :  0.0157 �± 
0.0575 °Brix = 10 - 16 

Study the kinetics 
and 
thermodynamics 
conditions for 
CO2 hydrate 
formation in 
orange juice 
concentration 

(Claßen et 
al., 2020) CO2  + H2O Apple 3.5 274.15 �± 

275.15 �¨�Qg : 0.22 �± 0.73 °Brix = 11 - 40 

Concentration of 
apple juice using 
CO2 gas hydrate 
technology to 
higher sugar 
contents 

 

The first kinetic studies for juice concentration using CO2 gas hydrate were firstly reported by Li, Shen, 

Liu, Fan, Tan, et al. (2015). They carried out a study on tomato juice concentration via CO2 hydrate 

formation. The influence of initial pressure on the maximum apparent rate constant (kapp) was 

investigated. The rate constant is one of the essential kinetic parameters (Mohammadi et al., 2014). It 

was observed that kapp increased with increasing initial pressure. This kapp and pressure ranged from 

1.81 to 2.01 mol2/J.s.Pa and 0.94 to 3.95 MPa. The same study revealed that higher values of kapp 

corresponded to systems with higher water cuts. This is due to weakened inhibition effects, as proved 

by the same authors. The residual did not completely disrupt the hydrate formation kinetics by not 

increasing the induction and disrupting the hydrate crystal growth rate. Considering the weakened 

inhibition, it appears that hydrate formation was not competing strongly with residual juices containing 

electrostatic and hydrogen-bonding forces. The phenomenon of mass transfer in the vapour-liquid 

interface was not affected by the fact that CO2 is highly soluble in water at low temperatures. 

 

While investigating the effect of orange juice concentration (water cuts) on gas hydrate formation, Li, 

Shen, Liu, Fan and Tan (2015) observed that kapp values for orange juice were lower than those obtained 

for tomato juice. As expected, it was observed that the obtained values for both kinetic parameters 

increased with increasing initial pressure. The difference in the kinetics of different juices can be 

attributed to their specific compositions.��Some components can exhibit an inhibitory effect, while others 
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are likely to have a promoting effect or no effect at all. Claßen et al., (2020) carried out the study on 

apple juice concentration by using CO2 as a hydrate former. They investigated the effect of initial sugar 

content on the rate of gas consumption. The study revealed that the gas consumption rate decreases with 

increasing initial sugar content. This observed behaviour supports findings reported on gas hydrate 

inhibitory effects of juices. The maximum gas consumption rate was achieved at P = 3.5 MPa, T = 

274.8 K and Brix = 25 °. However, the formation rate was longer than 2.5 hours. It emerged from this 

study that more than one hydrate reactor would be required to reduce the gas hydrate formation rate. 

More recently, Safari and Varaminian, (2019) investigated the effect of initial pressure, Brix and 

temperature on hydrate formation in the presence of orange juice.  They established that the initial rate 

of hydrate formation increased, and the relaxation time decreased with increased pressure and decreased 

temperature. This study was undertaken using carbon dioxide and tetrahydrofuran (THF) as hydrate 

formers. 

 

������������ �5�H�P�D�U�N�V���R�Q���H�[�S�H�U�L�P�H�Q�W�D�O���G�D�W�D���U�H�O�D�W�H�G���W�R���K�\�G�U�D�W�H���E�D�V�H�G���I�U�X�L�W���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� 

From the literature as mentioned earlier data, the following observations can be made: 

�x The major achievement of experimental studies is undoubtedly the successful thermodynamic 

verification of the feasibility of concentrating fruit juice via gas hydrate formation 

�x Very high dehydration ratios can possibly be obtained in a single pass 

�x Multistage hydrate-based juice concentration can be used to achieve high purity  

�x Research articles on kinetics are by far in smaller number than those related to Thermodynamics 

�x Only single gas hydrate formers have been used thus far. 

�x These studies concluded that there is a very high possibility that the investigated systems in 

fruit juice concentration can be attained by gas hydrate formation. The critical conclusion of 

the phase equilibrium measurements studies is that the initial pressure and temperature for 

hydrate formation influence the dehydration rate. Moreover, other factors that need to be looked 

at are induction time, the size distribution of gas hydrate and the growth rate of the selected gas 

hydrate. 

 

�������� �0�R�G�H�O�O�L�Q�J���V�W�X�G�L�H�V���I�R�U���K�\�G�U�D�W�H���I�R�U�P�L�Q�J���V�\�V�W�H�P�V���L�Q�Y�R�O�Y�L�Q�J���I�U�X�L�W���M�X�L�F�H  

������������ �3�K�D�V�H���H�T�X�L�O�L�E�U�L�X�P���P�R�G�H�O�O�L�Q�J 

Identifying accurate thermodynamic models describing hydrate-forming systems is essential for process 

simulation purposes. The phase equilibria of CO2 hydrate in the presence of orange and tomato juices 

were successfully modelled by Ghiasi et al. (2020) by means of thermodynamic and empirical 

approaches. Average absolute deviations of 0.05 and 0.08 K were obtained for systems containing 
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tomato and orange juices, respectively. Due to the limited number of experimental data points 

considered, fully optimised models could not be obtained. 

 

In order to assess the feasibility of the proposed technology, kinetic modelling is performed using the 

experimental kinetic data. The kinetic models are used to determine key features of hydrate formation, 

including storage capacity, apparent rate constant, water-to-hydrate conversion rate and gas 

consumption rate. Well-known kinetic models proposed by Englezos et al. (1987) were used to 

determine these kinetic parameters. Model derivations were based on the consideration that the driving 

force for gas hydrate formation was the fugacity difference between the hydrate and vapour phases. 

Kinetic studies on fruit juices in literature are very scarce. In available publications, kinetic modelling 

is confined to the determination of the apparent rate constant as well as the water-to-hydrate conversion 

rate and gas consumption rate. Modelling results reported in the literature are gathered in Table 2.5. 

Kinetic parameter values depend not only on the nature of the juice represented by its composition but 

also on operating conditions such as pressure, temperature and initial concentration. 

 

������������ �5�H�P�D�U�N�V���R�Q���H�[�S�H�U�L�P�H�Q�W�D�O���D�Q�G���F�R�U�U�H�O�D�W�H�G���G�D�W�D���I�R�U���K�\�G�U�D�W�H���E�D�V�H�G���I�U�X�L�W���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q 

From the literature as mentioned earlier data, the following observations can be made: 

�x The major achievement of experimental studies is undoubtedly the successful thermodynamic 

verification of the feasibility of concen- trating fruit juice via gas hydrate formation 

�x Very high dehydration ratios can possibly be obtained in a single pass  

�x Multi -stage hydrate-based juice concentration can be used to achieve high purity 

�x Research articles on kinetics are by far in smaller number than those related to Thermodynamics 

�x Only single gas hydrate formers, as opposed to mixed hydrate formers, have been used thus far. 

The reason for this is that humans need to ensure the safety of the food they consume. Therefore, 

CO2, which is considered safe, has been the preferred option thus far, presenting the best 

compromise between safety and cost. 

�x These studies concluded that there very high dehydration rates can be attained by gas hydrate 

formation for any fruit juice. 

�x Both experimental and modelling studies related to the kinetics of gas hydrate formation in the 

presence of juices are very scarce. Furthermore, only one optimisation study could be found in 

the literature (Safari and Varaminian, 2019). More experimental kinetic studies on fruit 

concentration using gas hydrate technology are required to assess the feasibility of the proposed 

technology further and effectively size gas hydrate reactors. 
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�������� �&�R�Q�F�O�X�V�L�R�Q���D�Q�G���I�X�W�X�U�H���S�H�U�V�S�H�F�W�L�Y�H�V�� 

�7�K�L�V�� �U�H�Y�L�H�Z�� �D�U�W�L�F�O�H�� �S�U�R�Y�L�G�H�G�� �E�D�F�N�J�U�R�X�Q�G���L�Q�I�R�U�P�D�W�L�R�Q�� �R�Q�� �J�D�V�� �K�\�G�U�D�W�H�V�� �E�H�I�R�U�H�� �S�R�L�Q�W�L�Q�J�� �R�X�W�� �W�K�H�� �P�R�V�W��

�L�P�S�R�U�W�D�Q�W�� �U�H�V�H�D�U�F�K�� �I�L�Q�G�L�Q�J�V�� �F�R�Q�F�H�U�Q�L�Q�J�� �W�K�H�� �W�K�H�U�P�R�G�\�Q�D�P�L�F�V�� �D�Q�G�� �N�L�Q�H�W�L�F�V�� �R�I�� �I�U�X�L�W�� �M�X�L�F�H�� �V�\�V�W�H�P�V�����7�K�H��

�V�F�D�U�F�L�W�\���R�I���H�[�S�H�U�L�P�H�Q�W�D�O���N�L�Q�H�W�L�F���D�Q�G���W�K�H�U�P�R�G�\�Q�D�P�L�F���G�D�W�D���L�V���O�L�N�H�O�\���W�R���K�L�Q�G�H�U���W�K�H���Z�L�G�H�V�S�U�H�D�G���X�V�H���R�I���W�K�L�V��

�D�W�W�U�D�F�W�L�Y�H�� �W�H�F�K�Q�R�O�R�J�\���� �,�Q�� �D�G�G�L�W�L�R�Q���� �Q�R�� �F�R�P�S�U�H�K�H�Q�V�L�Y�H�� �V�W�X�G�\�� �L�V�� �D�Y�D�L�O�D�E�O�H�� �W�R�� �D�V�F�H�U�W�D�L�Q�� �W�K�H�� �H�F�R�Q�R�P�L�F��

�D�Y�D�L�O�D�E�L�O�L�W�\���R�I���W�K�L�V���S�U�R�F�H�V�V���Z�L�W�K���D���K�L�J�K���G�H�J�U�H�H���R�I���D�F�F�X�U�D�F�\�����)�X�U�W�K�H�U�P�R�U�H�����O�H�V�V���W�K�D�Q���������M�X�L�F�H���F�R�Q�W�D�L�Q�L�Q�J��

�V�\�V�W�H�P�V���K�D�Y�H���E�H�H�Q���L�Q�Y�H�V�W�L�J�D�W�H�G���I�U�R�P���W�K�R�X�V�D�Q�G�V���R�I���N�Q�R�Z�Q���I�U�X�L�W���M�X�L�F�H�V���W�K�X�V���I�D�U�����+�H�Q�F�H�����L�W���D�S�S�H�D�U�V���W�K�D�W��

�P�R�U�H���V�W�X�G�L�H�V���D�U�H���U�H�T�X�L�U�H�G���W�R���E�X�L�O�G���D���G�D�W�D�E�D�V�H���I�R�U���I�X�W�X�U�H���G�H�Y�H�O�R�S�P�H�Q�W�V���L�Q���W�K�L�V���I�L�H�O�G�����3�U�L�R�U�L�W�\���V�K�R�X�O�G���E�H��

�J�L�Y�H�Q���W�R���K�\�G�U�D�W�H���G�L�V�V�R�F�L�D�W�L�R�Q���G�D�W�D���D�V���Z�H�O�O���D�V���N�L�Q�H�W�L�F���G�D�W�D���R�I���F�R�P�P�H�U�F�L�D�O�O�\���U�H�O�H�Y�D�Q�W���Z�D�W�H�U���M�X�L�F�H���V�\�V�W�H�P�V����

�Z�K�L�F�K���� �R�Q�F�H�� �P�H�D�V�X�U�H�G���� �Z�L�O�O�� �F�R�Q�V�W�L�W�X�W�H�� �D�� �G�D�W�D�E�D�V�H�� �W�K�D�W�� �F�D�Q�� �E�H�� �L�Q�V�W�U�X�P�H�Q�W�D�O�� �L�Q�� �G�H�Y�H�O�R�S�L�Q�J�� �P�R�G�H�O�O�L�Q�J��

�D�S�S�U�R�D�F�K�H�V�����7�K�H�V�H���D�U�H���U�H�T�X�L�U�H�G���I�R�U���S�U�R�F�H�V�V���G�H�V�L�J�Q���S�X�U�S�R�V�H�V�� 

 

�,�W�� �L�V�� �Q�R�W�� �H�[�F�O�X�G�H�G�� �W�K�D�W�� �K�\�E�U�L�G�� �V�\�Q�H�U�J�\�� �S�U�R�F�H�V�V�H�V�� �E�H�� �F�R�Q�V�L�G�H�U�H�G�� �I�R�U�� �W�H�F�K�Q�R���H�F�R�Q�R�P�L�F�� �Y�L�D�E�L�O�L�W�\�����7�K�H�V�H��

�Z�R�X�O�G�� �F�R�P�E�L�Q�H�� �J�D�V�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� �Z�L�W�K�� �F�X�U�U�H�Q�W�O�\�� �H�V�W�D�E�O�L�V�K�H�G�� �M�X�L�F�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �S�U�R�F�H�V�V�H�V����

�0�R�U�H�R�Y�H�U�����W�K�H���P�L�F�U�R�E�L�R�O�R�J�L�F�D�O���V�W�D�E�L�O�L�W�\���R�I���W�K�H���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�H�V���K�D�V���Q�R�W���E�H�H�Q���U�H�S�R�U�W�H�G�����7�K�L�V���L�V���L�P�S�R�U�W�D�Q�W��

�V�L�Q�F�H���L�W���Z�L�O�O���S�U�R�Y�L�G�H���Y�L�W�D�O���L�Q�I�R�U�P�D�W�L�R�Q���D�E�R�X�W���W�K�H���T�X�D�O�L�W�\���R�I���W�K�H���F�R�Q�F�H�Q�W�U�D�W�H�G���M�X�L�F�H�����7�K�H���V�D�P�H���D�S�S�O�L�H�V���W�R��

�W�U�D�Q�V�S�R�U�W�� �S�U�R�S�H�U�W�L�H�V�� �Z�K�L�F�K�� �D�U�H�� �D�O�V�R�� �L�Q�V�W�U�X�P�H�Q�W�D�O�� �L�Q�� �G�H�V�L�J�Q�L�Q�J�� �E�R�W�K�� �H�T�X�L�S�P�H�Q�W�� �D�Q�G�� �S�U�R�F�H�V�V�H�V���� �)�R�U��

�P�R�G�H�O�O�L�Q�J�� �V�W�X�G�L�H�V�����L�W���L�V�� �H�V�V�H�Q�W�L�D�O���W�R���G�H�Y�H�O�R�S���W�K�H�U�P�R�G�\�Q�D�P�L�F���P�R�G�H�O�V�� �E�D�V�H�G���R�Q���W�K�H�� �D�S�S�U�R�[�L�P�D�W�H�� �U�D�W�K�H�U��

�W�K�D�Q���W�K�H���D�F�W�X�D�O���M�X�L�F�H���F�R�P�S�R�V�L�W�L�R�Q�� 
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�D�Q�G���'�H�F�R�P�S�R�V�L�W�L�R�Q���R�I���0�H�W�D�V�W�D�E�O�H���*�D�V���+�\�G�U�D�W�H�V�¶�����5�X�V�V�L�D�Q���-�R�X�U�Q�D�O���R�I���3�K�\�V�L�F�D�O���&�K�H�P�L�V�W�U�\���$���������������������S�S����

���������±�������������G�R�L���������������������6���������������������������������� 

�=�R�X�����&�������������������8�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O���S�H�W�U�R�O�H�X�P���J�H�R�O�R�J�\�����8�Q�F�R�Q�Y�H�Q�W�L�R�Q�D�O���3�H�W�U�R�O�H�X�P���*�H�R�O�R�J�\�����(�O�V�H�Y�L�H�U�����G�R�L����

�����������������E���������������������������������������������������� 
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CHAPTER 3 (BASED ON PAPER 2) 

THERMODYNAMICS STUDIES  

EXPERIMENTAL HYDRATE PHASE EQUILIBRIUM DATA RELEVANT TO BITTER 

MELON, PINEAPPLE AND GRAPE JUICE CONCENTRATION�‚�� 

�‚�&�R�Q�W�H�Q�W���S�X�E�O�L�V�K�H�G���L�Q���$�&�6���2�0�(�*�$������������������������������������������������ 

Abstract  

One of the major challenges experienced by the fruit juice industry is the steady rise of energy costs. 

Hence, it is of industrial interest to find possible environmentally friendly measures that reduce energy 

consumption while cost-effectively maintaining the quality of manufactured products. Hydrate-based 

juice concentration technology can be used to overcome this challenge. In the present work, 

experimental hydrate phase equilibrium conditions of three systems involving juices (System 1: CO2 + 

grape juice; System 2: CO2 + pineapple juice; System 3: CO2 + bitter melon juice) were measured using 

an isochoric pressure-search. The temperature and pressure ranges for reported experimental data were 

272.6 to 282.3 K and 1.17 to 3.85 MPa. Results have shown that a decrease in water cut from (98.3 to 

88.5± 2.53) wt.%  could shift the hydrate phase equilibrium conditions towards higher pressures and 

lower temperatures. This proved that all investigated juices exhibited inhibitory effects on gas hydrate 

formation. To properly assess the energy requirements for this novel technology, molar hydrate 

dissociation enthalpies were estimated using the Clausius-Clapeyron relations at different measured 

conditions. Lastly, the present study revealed that hydrate-based fruit juice concentration technology 

would be a credible alternative to existing commercial technologies related to fruit juice concentration.  

 

�������� �,�Q�W�U�R�G�X�F�W�L�R�Q 

There is a continuous energy demand, which has led to increased use of available fossil fuels due to 

rapidly increasing population, enhanced living standards, and expansion of industrial activities.  This, 

in turn, has placed pressure on existing fossil fuels leading to significant exhaustion of its reserves and 

increased ecological repercussions. However, despite this, it has become impossible to increase fossil 

fuel use due to the imposed environmental legislation and the 2050 targets set by United Nations for a 

Net-Zero carbon emission (Lützkendorf and Balouktsi, 2019; Charani Shandiz et al., 2021; van Soest 

et al., 2021). However, as the availability of fossil crude experiences a significant decline globally, its 

economic price has overshadowed its environmental cost (Hwang et al., 2014). This steep, sharp rise in 

energy resource prices is due to an increasing global energy demand coming from the fast-emerging 
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economies. This non-negotiable energy resource price from a non-renewable resource is one of the main 

drivers for the promotion of renewable energies. Consequently, the interest has shifted to carbon-neutral 

sources of energy or energy-efficient and environmentally friendly chemical processes. While searching 

for strategies to minimise energy consumption, carbon dioxide hydrate-based processes have received 

increasing attention from numerous industries. The technology has been successfully applied in 

desalination of water (Makogon, 2010; Chong et al., 2019; Ngema et al., 2019; Ong and Chen, 2019), 

separation of gas (Tumba et al., 2014; Gambelli et al., 2019; Sergeeva et al., 2021), carbon dioxide 

capture and sequestration (Hwang et al., 2014; Tan et al., 2015; Wilberforce et al., 2021), and 

preservation processes in the food industry (Huang et al.�����������������1�J�D�Q���D�Q�G���(�Q�J�O�H�]�R�V�����������������$�Q�G�H�U�V�H�Q�¶�V��

and Thomsen, 2009; Li, Shen, Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Tan, et al., 2015; Safari and 

Varaminian, 2019; Ghiasi et al., 2020; Doubra et al., 2021). It has been recognised as a cost-effective 

cold thermal energy storage solution. 

 

As CO2 hydrate technology becomes a point of attraction in the food industry, the demand for cold 

thermal energy storage has rapidly increased (Claßen et al., 2019; Wang et al., 2020; Srivastava et al., 

2021). This is due to rising health awareness. Hence, there is a high demand globally for natural food 

having natural bio-active compounds, and fruit juices are amongst them. Due to increased energy 

requirements, existing conventional concentration processes fail to meet and keep up with the global 

demand for storage purposes and preservation of fruit juices. Moreover, these processes fail to maintain 

the quality of products manufactured due to unfavourable changes in nutritional contents. The main 

factors for these processes' challenges are their reliance on thermal evaporation (180 to 2160 kJ/kg 

water), freeze (936 to 1800 kJ/kg water), or pressure gradient concentration. Upon mitigating these 

challenges, CO2 hydrate technology offers better energy savings and the preservation of bioactive 

compounds. This is due to low-temperature requirements and the low hydrate latent heat of fusion (252 

to 360 kJ/kg water). This means CO2 hydrate technology requires milder conditions than conventional 

fruit juice concentration processes. Moreover, since CO2 is considered to be environmentally benign 

and has been widely used in the food processing industry, CO2 hydrate-based technology seems to be a 

gentle novel technology to concentrate fruit juices.   

 

Before applying CO2 hydrate-based technology into the concentration process, there is a need to obtain 

hydrates (pure water and juices) time-independent as well as time-dependent properties (structural, 

transport, and kinetic), including hydrate dissociation conditions. Such properties and equilibrium data 

can be measured experimentally. These data can be used to test existing thermodynamic models or 

modify the existing ones to estimate the equilibrium conditions for clathrate hydrate forming systems. 

If such data (i.e. experimental and modelled) are established to be accurate enough, they can 

subsequently be used as a tool for designing, optimising, or simulating economically viable and 

practical hydrate-based industrial processes. To date, gas hydrate technology has been used for the 
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concentration of food substances such as juices (Huang et al., 1966; Ngan and Englezos, 1996; Li, Shen, 

Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Tan, et al., 2015; Safari and Varaminian, 2019; Ghiasi et 

al., 2020) and coffee (Abedi-Farizhendi et al., 2020). These studies have focused on hydrate phase 

equilibrium and hydrate formation kinetics measurements.  

 

Huang et al., (1966) investigated the use of CH3Br and CCl3F as hydrate formers to concentrate orange, 

apple and tomato juice. These authors were able to remove about ± 80 % of the water content from 

fruits. Despite contented concentration results, gas hydrate formation resulted in the development of a 

bitter aftertaste and the change in product colour, odour, and flavour.  

 

After more than three decades, Purwanto et al., (2001) carried out a study on xenon gas hydrate to 

concentrate coffee solutions. The authors objective was to address challenges with hydrate formers 

reported by Huang and co-workers. They achieved higher concentrations when the stirring speed was 

increased. However, it was reported that water removal efficiency at higher temperatures was negatively 

affected. Despite the authors promising results, due to the cost and environmental issues related to xenon 

hydrate former, ���$�Q�G�H�U�V�H�Q�¶�V�� �D�Q�G�� �7�K�R�P�V�H�Q���� ���������� a search for alternative hydrate former/s was 

suggested.  

 

To date, the use of nitrous oxide (N2O), nitrogen (N2) or the rare gas as hydrate formers are known to 

overcome previously reported problems. However, CO2 gas hydrate technology has emerged as a novel 

technology for concentrating fruit juices like orange, apple, and tomato (Li, Shen, Liu, Fan and Tan, 

2015; Li, Shen, Liu, Fan, Tan, et al., 2015; Li et al., 2016; Safari and Varaminian, 2019; Seidl et al., 

2019; Claßen et al., 2020; Ghiasi et al., 2020). This technology to concentrate fruit juice was firstly 

reported by Li, et al., (2015). These authors investigated the application of CO2 hydrate technology to 

concentrate tomato juice with maximum dehydration ratio of 63.2 % at an initial pressure of 3.95 MPa. 

Furthermore, Li, et al., (2015) undertook another study to concentrate orange juice. This study achieved 

a maximum dehydration ratio of 57% with an initial pressure of 4.1 MPa. Lastly, the CO2 hydrate 

technology was developed further by Seidl et al., (2019) and Claßen et al., (2020) concentrated apple 

juice.  In Seidl et al., (2019) study, a maximum �•Brix of 27 was achieved, whereas Claßen et al., (2020) 

obtained a �•Brix  of 45. The low concentration reported by Seidl et al., (2019) is due to the reactor used 

(bubble column). In all these studies, reported hydrate dissociation data indicated a shift to higher 

pressures and lower temperatures, indicating inhibiting effects. Therefore, it was concluded that the 

orange, apple, and tomato juice contents acted as inhibitors. This also indicates that hydrate formation 

in the presence of juices may be leading to increased energy demand. This was supported by the 

experimental study on the hydrate formation kinetics of orange juice. Safari and Varaminian, (2019) 

Longer induction times were observed, rendering CO2 hydrate technology impractical for 

commercialisation. Moreover, when sugar content is considered a factor in hydrate formation, 
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conficting results were observed by Safari and Varaminian, (2019) as well as �$�Q�G�H�U�V�H�Q�¶�V���D�Q�G���7�K�R�P�V�H�Q����

(2009). To mitigate these limitations, researchers will have to carry out an optimisation study on phase 

equilibrium data of juice concentration. Moreover, the characterisation of juice contents should be 

considered. Therefore, more experimental hydrate phase equilibrium data must be made available 

considering the previously mentioned challenges.  

 

To the best of our knowledge, there is limited research contribution made to the study of hydrate-based 

juice concentration as an alternative to evaporation. Moreover, no studies focus on hydrate dissociation 

conditions using carbon dioxide and bitter melon or grape or pineapple juice systems under different 

water cuts. The present study investigates CO2 hydrate-based technology in the juice concentration 

process. For this purpose, experimental hydrate phase equilibrium conditions of three systems 

containing juices(system 1: CO2 + grape juice + water 2: CO2 + pineapple juice + water 3: CO2 + bitter 

melon juice + water) were considered in the absence and presence of  juice with different water cuts 

ranging from 88.5 to 98.3 ± 2.53 wt.%. to evaluate the novel concentration technology based on gas 

hydrate formation. These hydrate dissociation conditions are important and can be simultaneously 

measured with hydrate kinetic studies. Due to the lack of accurate information regarding the 

composition of juices, it was impossible to develop a thermodynamic model to predict, and compare 

with experimental data.  

 

�������� �(�[�S�H�U�L�P�H�Q�W�D�O���V�H�F�W�L�R�Q������ 

������������ �0�D�W�H�U�L�D�O�V�� 

Materials used for this study include ultrapure Millipore-Q water, fruits and carbon dioxide (CO2) gas. 

Ultrapure Millipore water was obtained in the laboratory of this research group. The CO2 gas used was 

of food-grade quality, and it was supplied by Afrox (South Africa). Further details regarding these two 

chemicals are gathered in Table 3.1. Raw fruits (grape, pineapple, and bitter melon) were purchased 

from a Food lovers supermarket in KwaZulu-Natal (South Africa, Durban). These fruits were carefully 

squeezed to extract juices freshly, and their typical compositions are listed in Table 3.2 and are 

discussed later in the results and discussion section. An accurate analytical balance, model AS220/C/2 

(supplied by RADWAG, Poland) with an uncertainty of ± 1 . 10-7 kg in mass was used to prepare juice 

solutions having an uncertainty level of ±5 . 10-7 m3 gravimetrically.  
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Table 3.1: CAS Registry Number and purity of the Chemicals. 

�&�R�P�S�R�Q�H�Q�W �&�$�6���5�H�J�����1�R�� �6�X�S�S�O�L�H�U �0�D�V�V��
�I�U�D�F�W�L�R�Q 

�&�R�Q�G�X�F�W�L�Y�L�W�\�������—�6���F�P���� �0�H�D�V�X�U�H�P�H�Q�W��
�P�H�W�K�R�G 

�7�K�L�V���Z�R�U�N �/�L�W�H�U�D�W�X�U�H 

�:�D�W�H�U�� ������������������ �0�8�7 �� ���������� �������������� �&�R�Q�G�X�F�W�L�Y�L�W�\�P�H�W�H�U 

�&�D�U�E�R�Q���G�L�R�[�L�G�H�� ���������������� �$�I�U�R�[ �!�������������
 �� �� �1�R�Q�H 

*Purity provided by Afrox; # At 298.15 K; Literature; Tumba et al., (2011) 

 

Table 3.2: Composition of investigated bitter melon, grape and pineapple juice.a 

�3�U�R�[�L�P�D�W�H�� �4�X�D�Q�W�L�W�\�����0�H�D�Q���“���6�'�����P�J���������J�� 

�:�D�W�H�U���F�R�Q�W�H�Q�W�‚�� �����������“�����������E �����������“�����������E 

 88.5 ± 2.53c 91.4 ± 2.53c 

 91.1 ± 2.53d 93.3 ± 2.53d 

   

�7�R�W�D�O���V�R�O�L�G�V�‚�� ���������“�����������E ���������“�����������E 

 11.5 ± 0.02c 8.6 ± 0.02c 

 8.9 ± 0.02d 6.7 ± 0.02d 

   

�7�R�W�D�O���D�V�K�‚�� �������������“�������������E �������������“�������������E 

 0.263 ± 0.043c 0.217 ± 0.043c 

 0.216 ± 0.043d 0.168 ± 0.043d 

   

�/�L�S�L�G�V ���������“�����������E �����������“�����������E 

 5.93 ± 0.67c 4.78 ± 0.67c 

 7.81 ± 0.01d 5.85 ± 0.67d 

   

�S�+�
 �����������“�����������E �����������“�����������E 

 3.92 ± 0.01c 4.42 ± 0.01c 

 3.72 ± 0.01d 4.12 ± 0.01d 

   

�$�V�F�R�U�E�L�F���$�F�L�G�����9�L�W�D�P�L�Q���&�� �������������“�����������E ���������������“�����������E 

  18.55 ± 0.92c  13.45 ± 3.16c 

 15.4 ± 0.87d  11.95 ± 3.16d 

�‚ Expressed as (wt.%), * Expressed as pH scale,  a AOAC International, (2016) 39, b bitter melon juice,  
c grape juice, d pineapple juice. 
 

������������ �$�S�S�D�U�D�W�X�V�� 

In this study, a high-pressure equilibrium cell (Figure C.2) was used. It was made of stainless steel (SS 

�������/�����P�D�W�H�U�L�D�O�����V�X�S�S�O�L�H�G���E�\���%�•�F�K�L�����6�Z�L�W�]�H�U�O�D�Q�G�����Z�L�W�K���D�Q���L�Q�W�H�U�Q�D�O���Y�R�O�X�P�H���R�I�����������P�/�����7�K�H���F�H�O�O�¶�V���L�Q�W�H�U�L�R�U��

is hydrophobically coated with an alloy (nickel-chromium-iron-molybdenum) and capable of 

withstanding temperatures and pressures up to 473.15 K and 10 MPa, respectively. A four-wire Pt-100 

thermocouple (supplied by Grant Instruments, United Kingdom), with an uncertainty of ± 0.3 K, 
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measured the system and liquid bath temperature. A pressure transducer (supplied by ESI Technology, 

United Kingdom) having an uncertainty of ±0.25% of full scale measured the inside pressure of the 

high-pressure equilibrium cell. A magnetic stirrer bar was with a capacity of 1000 RPM was used to 

achieve thermodynamic equilibrium quickly and ensure proper mixing of the contents in the cell. A 

temperature-controlled unit named LTC4 (supplied by Grant Instruments, United Kingdom) consisting 

of a TX150 OptimaTM circulating bath, and an R4 tank/refrigeration unit was used. It allowed to set and 

control the system temperature, corresponding to the liquid bath temperature. The coolant was the 

aqueous solution of glycerol water. Any trapped air inside the cell was removed by a vacuum pump 

(supplied by Gardner Denver, United States). The apparatus was connected to an SQ2020-1F8 data 

acquisition unit (supplied by Grant Instruments, United Kingdom) and interfaced with a computer to 

monitor pressure and temperature data at particular intervals using SquirrelView software. An overall 

schematic diagram of the experimental set-up used in this study is illustrated in Figures 3.1 and C.1.  

 

Figure 3.1: Schematic diagram for the high-pressure equilibrium apparatus. A, magnetic stirrer; B, 

Neodymium magnet stir bar; C, high-pressure equilibrium cell; D, cooling coil; E, thermos-statted bath; 

F, gas cylinder; G, pressure regulator; H, vacuum pump; I, vent valve; J (1 or 2), temperature probe (Pt-

100); K, needle valve for loading; L, relief valve; M,  LTC4 unit; N (LTC4 unit), built-in circulating 

bath; O, circulating thermostat; P, data acquisition system; Q, computer; R (1,2 or 3), shut-off valve; S 

(1 or 2), pressure transducer.  
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������������ �6�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q 

Samples were prepared using a 500 cm3 volumetric flask. Firstly, the flask was thoroughly washed and 

rinsed with distilled water. Then, different concentrations of fruit juices were configured using freshly 

produced Ultrapure Millipore water. An accurate analytical balance was used to prepare juice solutions 

having an uncertainty level of ±0.5 cm3 gravimetrically. These concentrations were prepared by adding 

the desired amount of ultrapure Millipore water in a 500 cm3 volumetric flask of fruit juice. Freshly 

prepared samples were kept in an ultrasonic bath for 15 minutes. Finally, pure and dilute fruit juice 

samples were stored in the fridge and were kept at T = 277.15 K. The measured composition of 

investigated fruit juices, following a well-defined procedure (see Appendix C) in literature, AOAC 

International, (2016), is reported in Table 3.2.  

 

������������ �(�[�S�H�U�L�P�H�Q�W�D�O���P�H�W�K�R�G�V�� 

Hydrate Phase equilibria measurements  

In this study, the isochoric pressure-search method (graphical technique) as described by Sloan and 

Koh, (2007) and Tumba et al., (2011), along with material balance calculations, were used to generate 

experimental hydrate equilibrium data (hydrate-vapour-liquid) for the carbon dioxide hydrate in the 

presence of bitter melon, grape or pineapple juice. At the beginning of each experiment, the equilibrium 

cell was washed with soapy liquid and repeatedly rinsed with Ultrapure Millipore water. Once the cell 

had been adequately cleaned, it was evacuated for approximately 30 minutes using a vacuum pump. 

This was to avoid contamination of the cell injection port and help clean the cell. Then, the inlet valve 

was closed to maintain the cell under a vacuum. After initial evacuation, the appropriate quantity of 

Ultrapure Millipore water or juice sample (approximately 40 cm3 with an uncertainty level of ±0.5 cm3) 

was injected into the equilibrium cell to form hydrates with all the injected gas. In this study, the 

assumed molar ratio between gas and ultrapure Millipore water was 1:6 in the gas hydrates. Again, the 

equilibrium cell was evacuated to eliminate any presence of air for 5 minutes. Afterwards, the 

equilibrium cell was immersed into the temperature-controlled (filled with an equal volume of water 

and glycerol) liquid bath to cool the equilibrium cell. The system temperature was set at 293.15 K, using 

the TX150 OptimaTM circulating bath. Thus, the cell was pressurised with the hydrate former (CO2) by 

increasing the inlet flow, passing it through the pressure-regulated valve until the corresponding 

operative pressure was reached. After pressurising the cell, the pressure-regulating valve was closed, 

and the magnetic stirrer was switched on and set at a speed of 500 rpm to agitate the phase inside the 

equilibrium cell. The liquid phase (ultrapure Millipore water or juice sample) was allowed to stabilise 

to a temperature of 293.15 K for at least a period of 45 to 90 minutes, depending on the liquid sample.  

 

When the system pressure was stabilised, and the gas was fully absorbed in water, the data was recorded 
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using SquirrelView software. Then the temperature-controlled liquid bath was set to approximately 

273.15 K below the estimated hydrate dissociation temperature. This process is known as the cooling 

phase. Two distinct observed slopes represent this in the cooling curve of Figure 3.2. The considerable 

decrease in system pressure categorises the first slope, the formation of hydrates. This represented the 

occurrence of the nucleation process. In this process (P-T curve), pressure is a function of temperature 

change, and this is obtainable using the hydrate-vapour-liquid isochoric curve (Sloan and Koh, 2007; 

Carroll, 2014). The system pressure was expected to decrease sharply on the second slope. This was 

observed by a sudden change in gradient on the cooling curve. The observed sharp decrease on the slope 

indicates hydrate growth within the system. If there is no sharp decrease observed in system pressure, 

the system was further subcooled by decreasing liquid bath temperature at the rate of 1.0 K/hr until the 

hydrate/semi-clathrate hydrate formation was observed. Cooling was stopped when the system pressure 

and temperature were in equilibrium (decay was less than 0.005 MPa/hr). 

 

Figure 3.2: Pressure and temperature trace for formation and dissociation of simple hydrate using an 

isochoric pressure search method (this study). The photograph (i) taken in this study shows the hydrate 

that was formed during the experiment. 

 

After the hydrate formation by isochoric cooling, the magnetic stirrer was switched off, the system was 

heated up to dissociate the hydrate, and the trapped gas was released into the vapour space, and the 

increment was done in a stepwise manner. Large temperature increments of 2 K every hour were 

initially used until the conditions were closer to those of the dissociation point. From that point on, the 

temperature was gradually increased by 0.1 K every hour until the the actual dissociation point was 
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obtained. This point which indicates the intersection indicated the equilibrium transition (intersection 

between cooling and heating curves) from (hydrate + liquid + gas)  to  (liquid + gas), is highly dependent 

on heating curves. After the dissociation point, the change in system pressure was a function of 

temperature. Then, the system temperature was raised back to 293.15 K.  

 

�������� �5�H�V�X�O�W�V���D�Q�G���G�L�V�F�X�V�V�L�R�Q 

������������ �+�\�G�U�D�W�H���H�T�X�L�O�L�E�U�L�X�P���F�X�U�Y�H 

Since the equipment was new, its reliability and the validity of the experimental procedure had to be 

examined before generating the hydrate phase equilibrium data reported in this study. The binary test 

system consisted of carbon dioxide and pure water (CO2 + H2O) as intensive studies had already been 

carried out for this mixture under hydrate forming conditions. Numerous hydrate data are available in 

the literature for this system. Eleven gas hydrate dissociation points (P and T), under liquid water (Lw) 

+ hydrate (H) + CO2 vapour (V) equilibrium, for the  CO2 + H2O test system were measured. In addition, 

the hydrate dissociation data were compared with the literature data of Mooijer-Van Den Heuvel et al., 

(2001), Smith et al., (2016), Adisasmito et al., (1991). Table 3.S1 and Figure 3.3 present the 

experimental data as measured in this study and the graphical view of the same data in the temperature 

and pressure ranges of 272.6 to 282.3 K and 1.1703 to 3.8481 MPa. As shown in Figure 3.3, there is 

reasonable agreement between the experimental data and the reported literature data for the carbon 

dioxide + H2O test system. 
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Figure 3.3: Experimental phase equilibrium data for carbon dioxide hydrate in pure water (system: CO2 

+ H2O). The literature data was taken from Mooijer-Van Den Heuvel et al., (2001), Smith et al., (2016), 

and Adisasmito et al., (1991).  

 

The new systems' experimental hydrate phase equilibrium conditions (for System 1: CO2 + grape juice 

+ water; 2: CO2 + pineapple juice + water; 3: CO2 + bitter melon juice + water) were measured under 

different water cuts (96.5, 97.4 and 98.3 ± 2.53) wt.%. The water cut for pure bitter melon, grape and 

pineapple juices were 96.5, 88.5 and 91.1 wt.% with an uncertainty of ± 2.53. To the best of our 

knowledge, there are no experimental data for these investigated systems at varying fruit juice water 

cuts. The measured data are reported in Tables (3.S2 to 3.S4) and plotted in Figures (3.4 to 3.6).  
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Figure 3.4: Experimental phase equilibrium data for carbon dioxide in bitter melon juice having 

less than 98.3 wt.% of water cut.  

 

Figure 3.5: Experimental phase equilibrium data for carbon dioxide hydrate in grape fruit juice having 

less than 94.3 wt.% of water cut. 

 

271,0 272,0 273,0 274,0 275,0 276,0 277,0 278,0 279,0 280,0 281,0 282,0 283,0

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

271 272 273 274 275 276 277 278 279 280 281 282 283

ln
 (

P
/M

P
a)

Temperature (K)

Bitter melon (96.5 wt.%)

Bitter melon (97.4 wt.%)

Bitter melon (98.3 wt.%)

Pure water

272 273 274 275 276 277 278 279 280 281 282 283

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

0

0,2

0,4

0,6

0,8

1

1,2

1,4

1,6

272 273 274 275 276 277 278 279 280 281 282 283

ln
 (

P
/M

P
a)

Temperature (K)

Grape (88.5 wt.%)

Grape (91.4 wt.%)

Grape (94.3 wt.%)

Pure water



 
 

61 
 

 

Figure 3.6: Experimental phase equilibrium data for carbon dioxide hydrate in the pineapple fruit juice 

having less than 95.6 wt.% of water cut.  

 

Figures (3.4 to 3.6) indicated a similar tendency to the hydrate dissociation curves reported for the  

CO2 + H2O system in Figure 3.3. This observed �E�H�K�D�Y�L�R�X�U���L�Q�G�L�F�D�W�H�V���W�K�D�W���W�K�H���L�Q�Y�H�V�W�L�J�D�W�H�G���M�X�L�F�H�V�¶���K�\�G�U�D�W�H��

was only composed of pure water and carbon dioxide. Recycling and reusing materials (dissociated 

carbon dioxide and water) in juice hydrate can reduce the energy costs associated with the subsequent 

separation processes. Solid particles dissolved in juice cannot be incorporated in the hydrate structure. 

However, they are likely to be trapped in its pores. Therefore, a treatment process may require reusing 

water to wash and clean the batch-hydrate crystalliser equipment when the gas has been released from 

water molecules. Also, recycled water may be used to dilute cleaning agents to a proper concentration. 

This water may also be utilised to clean and disinfect the process equipment involved in fruit juice 

production. This would reduce the costs of utility required for cleaning. Despite the requirements of the 

treatment process, according to thermodynamics conditions for the process, it is evident that the 

hydrate-based technology may be applied as an alternative to existing commercial technologies for 

aqueous solution concentration. However, it is noteworthy that before suggesting this technology, one 

will be required to perform a feasibility study that also includes kinetics and transport phenomena 

associated with hydrate formation. 

 

The obtained hydrate dissociation points for all three systems revealed that a slight increase in the 

dissociation temperature results in a drastic increase in the dissociation pressure. The possibility of 

obtaining erroneous values for the measured hydrate dissociation conditions was prevented by 
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prolonged and careful adjustments. For this reason, during the heating phase, the system temperature 

was increased stepwise by 1.0 K every hour until the equilibrium dissociation point was obtained. 

Moreover, it is advisable to consider systems with moderate or low pressures to minimise the 

compression costs. 

 

Conversely, based on the obtained results, it is expected that high energy requirements may be necessary 

for concentrating the investigated juices through hydrate formation at pressures as high as those reported 

in this study. This may be avoided by injecting a water-soluble material referred to as promoter to lower 

the system pressure.  

 

It was revealed that system pressures below 2.0 MPa might require the addition of water-insoluble 

hydrate inhibitor to avoid ice formation for temperatures close to or below 273.15 K. This is the lowest 

pressure for hydrate dissociation pressure of carbon dioxide under H-L-V equilibrium conditions. The 

experimentally observed high hydrate dissociation pressures have been attributed to dissolved solids in 

fruit juices, disrupting the encapsulation of carbon dioxide gas into water cavities. Further phase 

behaviour studies are required at dissociation temperatures higher than those reported in this study. This 

could assist to examine better the dependency of the dissociation pressures on the water content in 

investigated systems. 

 

������������ �,�Q�I�O�X�H�Q�F�H���R�I���G�L�V�V�R�O�Y�H�G���V�R�O�L�G�V���L�Q���K�\�G�U�D�W�H���S�K�D�V�H���H�T�X�L�O�L�E�U�L�X�P���G�D�W�D 

CO2 hydrate dissociation data were obtained in the present study in the temperature range of 271.7 and 

282.8 K and pressures ranging from 1.25 to 4.79 MPa, suitable for fruit juice preservation. Dissociation 

data presented by Figures (3.4 to 3.6) indicate some interesting findings. It is observed that all 

investigated juices were able to slightly shift CO2 hydrate dissociation curves towards lower 

temperature (by 1.5 K on average for pure juice) and higher-pressure zones. This observed behaviour 

confirms that interactions between the constituents of investigated juices and water lead to inhibiting 

effects. These substantial inhibiting effects are similar to those of alcohols, glycols and electrolytes 

reported in the literature (Burgass et al., 2018; Saberi et al., 2018; Nasir et al., 2020).  

 

Understanding inhibitory effect of the investigated fruit juices on hydrate formation is essential for 

process development purposes. It is well known that hydrate dissociation conditions are highly 

dependent on the physical properties of investigated juices and those of carbon dioxide. Since juice 

constituents exhibit either hydroxyl groups or large molecules, their size and chemical nature do not 

allow them to be part of the hydrate structure. Therefore, these inhibiting effects could be due to the 

combination of strong hydrogen bonds formed by juices dissolved constituents which interact 

electrostatically with the other water molecules. 



 
 

63 
 

According to the literature, polymers, sugars, essential minerals, and organic acids inhibit hydrate 

formation thermodynamically and kinetically. Therefore, residuals (soluble solids) such as natural 

polymers (pectin), proteins and sugars (i.e., fructose and glucose) were the main contributors to these 

inhibiting effects. Sugars (fructose and glucose) contain four hydroxyls and one carbonyl group in their 

structure, forming a strong hydrogen bond with water molecules. The dissociation conditions for new 

systems reported in the present study, and those for the CO2 + sucrose/fructose/glucose model solution 

system are in the same range ���&�K�X�Q�� �D�Q�G�� �/�H�H���� ������������ �$�Q�G�H�U�V�H�Q�¶�V�� �D�Q�G�� �7�K�R�P�V�H�Q���� ������������ �'�R�X�E�U�D��et al., 

2021). Therefore, since they are in tremendous amounts in juices, sugars strongly influenced hydrate 

formation in the investigated systems.  

 

The fruit juice pH and system temperature played a decisive role in influencing the competition between 

sugars and lipid chains contained in juices. The pH scale of all investigated juices was below 4.6. Sugars 

at this pH scale are known to exhibit higher chemical stability. Since at this pH scale, fermentation may 

not take place, the observed inhibiting effects could not be attributed to the presence of alcohols. The 

present minerals could not participate in hydrate formation but dissociate to cations and anions, 

�G�H�F�U�H�D�V�L�Q�J�� �W�K�H�� �I�U�X�L�W�� �M�X�L�F�H�¶�V�� �Z�D�W�H�U�� �D�F�W�L�Y�L�W�\���� �7�K�L�V�� �L�V�� �E�H�F�D�X�V�H�� �W�K�H�� �L�Q�K�L�E�L�W�L�R�Q�� �P�H�F�K�D�Q�L�V�P�� �R�I�� �F�R�P�E�L�Q�H�G��

inhibitors reduces molecule activities, thus increasing the competition for water molecules. These 

constituents instigated the intermolecular interactions with carbon dioxide to increase the system's 

acidity. Constituents disrupt the hydrogen bonds of host water molecules that build up the cage 

frameworks of the hydrate structure. Based on the results presented in plots, it can be deduced that the 

constituents present in bitter melon fruit juice have a higher inhibiting strength than those in grape and 

pineapple fruit juices. Observations made in this study illustrate the necessity of undertaking hydrate-

based concentration studies on freshly extracted juices rather than commercial juices sold in 

supermarkets as the constituents are better known in the latter than in the former juices.  

 

������������ �,�Q�I�O�X�H�Q�F�H���R�I���Z�D�W�H�U���F�X�W���R�Q���K�\�G�U�D�W�H���S�K�D�V�H���H�T�X�L�O�L�E�U�L�X�P���G�D�W�D 

Water content of the investigated systems is of great interest in designing carbon dioxide hydrate-based 

fruit juice concentration processes. Investigated juices had a water cut ranging from 88.5 to 96.5 wt.%. 

The shift in hydrate dissociation conditions was reduced by increasing the juice water content. The 

effect of water addition on carbon dioxide hydrate inhibition was almost identical at all investigated 

juice concentrations. It can be observed that freshly extracted fruit juices (88.5, 91.1, and 96.5 wt.% of 

water) had higher inhibitory effects than juice at 91.4, 93.3, 94.3, 95.6, 97.4 and 98.3 wt.% of water. 

�7�K�H���L�Q�K�L�E�L�W�L�R�Q���H�I�I�H�F�W�V���R�I���I�U�X�L�W���M�X�L�F�H���F�R�P�S�R�Q�H�Q�W�V���R�Q���F�D�U�E�R�Q���G�L�R�[�L�G�H���K�\�G�U�D�W�H�V���G�H�F�U�H�D�V�H�G���D�V���W�K�H���F�R�Q�W�H�Q�W�V�¶��

concentration was decreased due to Millipore water addition. Therefore, it is proposed that economic 

studies be undertaken to obtain the optimal quantity of water in fruit juice for effective hydrate-based 

concentration. Furthermore, it is suggested that further studies validate this hypothesis. Additionally, 
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the strength of relevant juice constituents should be determined as this information is crucial for 

developing thermodynamic models.  

 

It can also be highlighted that hydrate dissociation curves of carbon dioxide of the three juices 

investigated in this study have a similar inhibitory tendency as those reported in the literature (Li, Shen, 

Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Tan, et al., 2015; Li et al., 2016; Seidl et al., 2019; Claßen 

et al., 2020) for other juices. However, inhibition effects observed in this study were slightly higher 

than those of previously investigated juices. Li et al., (2016) indicated that orange juice had a slight 

impact on hydrate dissociation conditions of carbon dioxide. Therefore, the authors successfully 

regressed the obtained experimental data by ignoring the inhibitory effects of juice contents on hydrate 

dissociation. Conversely, in this study, observed inhibitory effects were significant. Therefore, these 

effects may not be ignored when the predictive thermodynamic model is developed to calculate the 

dissociation points for the investigated systems. Thermodynamic calculations can determine the 

dependence of macroscopic and microscopic properties on system pressure and temperature to 

understand this behaviour better. This information would greatly interest the industry regarding process 

design/optimisation of the newly proposed fruit juice concentration process.  

 

������������ �$�V�V�H�V�V�P�H�Q�W���R�I���W�H�P�S�H�U�D�W�X�U�H���G�H�S�H�Q�G�H�Q�F�H 

This study used experimental dissociation points to assess thermal properties by predicting and 

estimating the heat required to dissociate carbon dioxide hydrates in the presence of juices. Hydrate 

dissociation is an endothermic process since it requires energy to break the hydrate crystals. Therefore, 

this process reflects hydrate stability, crystal hydrogen bonding, and cavity occupation. Thus, 

considering thermal properties is essential for the design/optimisation of the new carbon dioxide 

hydrate-based fruit juice concentration process. In the present study, molar dissociation enthalpies of 

carbon dioxide hydrates in the test system and new systems were estimated using the experimental 

hydrate dissociation data and the Clausius-Clapeyron equation (3.1). Gas compression was taken into 

account by calculating the compressibility factor for each corresponding hydrate dissociation point 

reported in this chapter.  

      (3.1) 

where P and T show the hydrate dissociation pressure and temperature of carbon dioxide, respectively, 

�û�+diss is the molar enthalpy of dissociation, R is the universal gas constant, and z is the compressibility 

factor of the carbon dioxide gas, which is calculated using the Soave-Redlich-Kwong (SRK) equation 
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of state (Soave, 1972) detailed in appendix B. In this equation, the ratio dln(P)/d(1/T) is the slope of the 

line produced by plotting ln(P) against (1/T). It is calculated using the hydrate dissociation points 

reported in Tables (3.6 to 3.8) and Figures (3.4 to �������������7�K�L�V���H�T�X�D�W�L�R�Q���F�D�Q���E�H���X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���û�+diss 

when z does not change significantly over the range of the measured hydrate dissociation points, and it 

�L�V�� �Y�D�O�L�G�� �I�R�U�� �X�Q�L�Y�D�U�L�D�Q�W�� �V�\�V�W�H�P�V���� �)�X�U�W�K�H�U�P�R�U�H���� �û�+diss must not change significantly over a narrow 

temperature range.  

 

The graphical representation of molar hydrate dissociation enthalpy is presented in Figures (3.7 to 3.9). 

The semilogarithmic plot (ln P vs 1/T) shows a linear relationship that validates the Clausius-Clapeyron 

equation for the considered range of experimental hydrate dissociation data. The values of 

compressibility factors were obtained by assuming that carbon dioxide is immiscible in water and the 

�D�P�R�X�Q�W���R�I���Z�D�W�H�U���L�Q���W�K�H���Y�D�S�R�X�U���S�K�D�V�H���L�V���Q�H�J�O�L�J�L�E�O�H�����7�K�H���R�E�W�D�L�Q�H�G���û�+diss indicate a strong relationship 

with z, and both properties change in the same order of magnitude. This observed behaviour supports 

the claims made by Skovborg and Rasmussen, (1994) that for the univariant slope of phase equilibrium 

boundary (ln P vs 1/T) to be constant, these values must display the same order of magnitude.  

 

 

Figure 3.7: Predicted molar enthalpy corresponding to the experimental hydrate dissociation conditions 

for carbon dioxide in the presence and absence of bitter melon juice having less than 98.3 wt.% of water 

cut.  
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Figure 3.8: Predicted molar enthalpy corresponding to the measured hydrate dissociation conditions 

for carbon dioxide in the presence and absence of grape juice having less than 94.3 wt.% of water cut.  

 

Figure 3.9: Predicted molar enthalpy corresponding to the measured hydrate dissociation conditions 

for carbon dioxide in the presence and absence of pineapple juice having less than 95.6 wt.% of water 

cut.  

272,0 273,0 274,0 275,0 276,0 277,0 278,0 279,0 280,0 281,0 282,0 283,0 284,0

50

54

58

62

66

70

74

78

82

86

50

54

58

62

66

70

74

78

82

86

272 273 274 275 276 277 278 279 280 281 282 283 284

E
nt

ha
lp

y(
kJ

/m
ol

)

Temperature (K)

Grape (88.5 wt.%)

Grape (91.4 wt.%)

Grape (94.3 wt.%)

Pure water

271,0 272,0 273,0 274,0 275,0 276,0 277,0 278,0 279,0 280,0 281,0 282,0 283,0

45

49

53

57

61

65

69

73

77

45

49

53

57

61

65

69

73

77

271 272 273 274 275 276 277 278 279 280 281 282 283

E
nt

ha
lp

y (
kJ

/m
ol

)

Temperature (K)

Pineapple (91.1 wt.%)

Pineapple (93.3 wt.%)

Pineapple (95.6 wt.%)

Pure water



 
 

67 
 

It can be seen that the enthalpies of carbon dioxide hydrate dissociation in each investigated system and 

the CO2 + H2O system indicate an exponential temperature dependence. Notably, the hydrate 

dissociation conditions are set by the type of hydrate structure and guest molecules. Therefore, the 

hydrate dissociation points indicated dependence on the guest molecule size and cavity size ratio. The 

average hydrate dissociation enthalpy for the CO2 + H2O system was found to be 67.66 ± 1.5 kJ/mol of 

CO2 for a temperature range of 272.6 to 282.2 K. The hydrate dissociation enthalpy values varied in the 

order: CO2 + grape > CO2 + pineapple > CO2 + bitter melon while the corresponding average values 

were 67.83 ± 1.5, 64.19 ± 1.5 and 63.44 ± 1.5 kJ/mol of CO2, respectively. There are few deviations 

between the investigated systems and the test system. Furthermore, these were compared to published 

data on dissociation enthalpies of CO2 hydrates in pure water or fruit juice. The dissociation enthalpies 

of new systems and those calculated in the literature are in the same range. 

 

A reason for the preservation of valuable juice components is the hydrate structure itself. It is assumed 

that sI hydrate is formed for systems investigated as only CO2 gas is available (Lee et al., 2009), and 

�L�Q�K�L�E�L�W�R�U�V���S�D�U�W�L�F�L�S�D�W�H�G���E�\���S�U�H�Y�H�Q�W�L�Q�J���J�D�V���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q�����,�W���L�V���R�E�V�H�U�Y�H�G���W�K�D�W���W�K�H���Y�D�O�X�H�V���R�I���û�+diss for 

new systems are slightly higher compared to those of the test systems. As shown in Tables (3.S2 to 

3.S4), observed behaviour indicates that inhibitors do not change or affect the hydrate structure. Sloan 

and Fleyfel, (1994) pointed out that the dissociation enthalpy of gas hydrate primarily depends on the 

hydrate structure and cage occupancy of guest molecules, and 80 % of the enthalpy is due to the strength 

of water hydrogen bonds in the hydrate structure. Therefore, as long as the same hydrate structure is 

�I�R�U�P�H�G�����û�+diss will be the same.  

 

In the present study, the observed �V�O�L�J�K�W���L�Q�F�U�H�D�V�H�V�� �L�Q���W�K�H�� �Y�D�O�X�H�V�� �R�I�� �û�+diss may be attributed to slight 

increases in the interactions between the hydrate lattice and CO2 molecules. This signifies that higher 

pressures and lower temperatures are required to form hydrates. The increase in the hydrate dissociation 

enthalpy is an indication that the hydrate phase is approaching a more stable region.  

 

�������� �&�R�Q�F�O�X�V�L�R�Q�� 

In this work, the hydrate phase equilibrium data of new systems (system 1: CO2 + grape, system 2: CO2 

+ pineapple, system 3: CO2 + bitter melon) were studied under different water cuts of fruit juice 

solutions. It was observed that the investigated juices considerably shifted the CO2 phase equilibrium 

curve to higher pressures and lower temperatures. This increased with the reduction in juice water cuts 

while observed inhibitory effects were significant. These effects may not be ignored when predictive 

thermodynamic models are developed to calculate the dissociation points for the investigated systems. 

The obtained results also suggest that it is advisable to undertake experiments and modelling studies on 

fresh juices rather than commercial (supermarket) juices containing some additives.  
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�5�H�I�H�U�H�Q�F�H�V 

�$�E�H�G�L���)�D�U�L�]�K�H�Q�G�L�����6�������+�R�V�V�H�L�Q�L�����0�������,�U�D�Q�V�K�D�K�L�����0�������0�R�K�D�P�P�D�G�L�����$�������0�D�Q�W�H�J�K�L�D�Q�����0�����D�Q�G���0�R�K�D�P�P�D�G�L����

�$���� �+���� �������������� �µ�.�L�Q�H�W�L�F�V�� �R�I�� �&�2�� ���� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� �L�Q�� �F�R�I�I�H�H�� �D�T�X�H�R�X�V�� �V�R�O�X�W�L�R�Q�����$�S�S�O�L�F�D�W�L�R�Q�� �L�Q�� �F�R�I�I�H�H��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�¶�����-�R�X�U�Q�D�O�� �R�I�� �'�L�V�S�H�U�V�L�R�Q�� �6�F�L�H�Q�F�H�� �D�Q�G�� �7�H�F�K�Q�R�O�R�J�\���� �������������� �S�S���� �������±���������� �G�R�L����

������������������������������������������������������������ 

�$�G�L�V�D�V�P�L�W�R�����6������ �)�U�D�Q�N���� �5���� �-���� �D�Q�G�� �6�O�R�D�Q���� �(���� �'���� �������������� �µ�+�\�G�U�D�W�H�V�� �R�I�� �&�D�U�E�R�Q�� �'�L�R�[�L�G�H�� �D�Q�G�� �0�H�W�K�D�Q�H��

�0�L�[�W�X�U�H�V�¶�����-�R�X�U�Q�D�O���R�I���&�K�H�P�L�F�D�O���D�Q�G���(�Q�J�L�Q�H�H�U�L�Q�J���'�D�W�D�������������������S�S���������±���������G�R�L���������������������M�H�����������D�������� 

�$�Q�G�H�U�V�H�Q�¶�V���� �7���� �%���� �D�Q�G�� �7�K�R�P�V�H�Q���� �.���� �������������� �µ�6�H�S�D�U�D�W�L�R�Q�� �R�I�� �Z�D�W�H�U�� �W�K�U�R�X�J�K�� �J�D�V�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�¶����

�,�Q�W�H�U�Q�D�W�L�R�Q�D�O���6�X�J�D�U���-�R�X�U�Q�D�O���������������������������S�S�����������±�������� 

�$�2�$�&���,�Q�W�H�U�Q�D�W�L�R�Q�D�O�����������������µ�2�I�I�L�F�L�D�O���0�H�W�K�R�G�V���R�I���$�Q�D�O�\�V�L�V���R�I���$�2�$�&���,�Q�W�H�U�Q�D�W�L�R�Q�D�O�����������W�K���(�G�L�W�L�R�Q�������������¶����

�����W�K���H�G�����*�D�L�W�K�H�U�V�E�X�U�J�����$�2�$�&�� 

�%�X�U�J�D�V�V���� �5������ �&�K�D�S�R�\�����$���� �D�Q�G�� �/�L���� �;���� �������������� �µ�*�D�V�� �K�\�G�U�D�W�H�� �H�T�X�L�O�L�E�U�L�D�� �L�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I�� �P�R�Q�R�H�W�K�\�O�H�Q�H��

�J�O�\�F�R�O�����V�R�G�L�X�P���F�K�O�R�U�L�G�H���D�Q�G���V�R�G�L�X�P���E�U�R�P�L�G�H���D�W���S�U�H�V�V�X�U�H�V���X�S���W�R�����������0�3�D�¶�����7�K�H���-�R�X�U�Q�D�O���R�I���&�K�H�P�L�F�D�O��

�7�K�H�U�P�R�G�\�Q�D�P�L�F�V�����$�F�D�G�H�P�L�F���3�U�H�V�V���������������S�S�����������±�����������G�R�L���������������������M���M�F�W�������������������������� 
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�'���� �������������� �µ�3�K�D�V�H�� �(�T�X�L�O�L�E�U�L�D�� �R�I�� �0�H�W�K�D�Q�H�� �D�Q�G�� �&�D�U�E�R�Q�� �'�L�R�[�L�G�H�� �&�O�D�W�K�U�D�W�H�� �+�\�G�U�D�W�H�V�� �L�Q�� �W�K�H�� �3�U�H�V�H�Q�F�H�� �R�I��
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�$�T�X�H�R�X�V���6�R�O�X�W�L�R�Q�V���R�I���7�U�L�E�X�W�\�O�P�H�W�K�\�O�S�K�R�V�S�K�R�Q�L�X�P���0�H�W�K�\�O�V�X�O�I�D�W�H���,�R�Q�L�F���/�L�T�X�L�G�¶�����-�R�X�U�Q�D�O���R�I���&�K�H�P�L�F�D�O��

�	���(�Q�J�L�Q�H�H�U�L�Q�J���'�D�W�D�������������������S�S�������������±�������������G�R�L���������������������M�H�������������T�� 

�:�D�Q�J�����;�������=�K�D�Q�J�����)�����D�Q�G���/�L�S�L���V�N�L�����:�������������������µ�&�D�U�E�R�Q���G�L�R�[�L�G�H���K�\�G�U�D�W�H�V���I�R�U���F�R�O�G���W�K�H�U�P�D�O���H�Q�H�U�J�\���V�W�R�U�D�J�H����

�$���U�H�Y�L�H�Z�¶�����6�R�O�D�U���(�Q�H�U�J�\�����3�H�U�J�D�P�R�Q���������������S�S���������±���������G�R�L���������������������-���6�2�/�(�1�(�5�������������������������� 

�:�L�O�E�H�U�I�R�U�F�H���� �7������ �2�O�D�E�L�����$���� �*������ �6�D�\�H�G���� �(���� �7������ �(�O�V�D�L�G���� �.���� �D�Q�G���$�E�G�H�O�N�D�U�H�H�P���� �0�����$���� �������������� �µ�3�U�R�J�U�H�V�V�� �L�Q��

�F�D�U�E�R�Q�� �F�D�S�W�X�U�H�� �W�H�F�K�Q�R�O�R�J�L�H�V�¶�����6�F�L�H�Q�F�H�� �R�I�� �W�K�H�� �7�R�W�D�O�� �(�Q�Y�L�U�R�Q�P�H�Q�W���� �(�O�V�H�Y�L�H�U���� ���������� �S���� ���������������� �G�R�L����

�����������������M���V�F�L�W�R�W�H�Q�Y�������������������������� 
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Supplementary  

Table33.S1: Experimental hydrate dissociation points (P and T) measured in the presence of CO2 (Test 

system: CO2 + H2O) with their corresponding enthalpy of dissociation (�¨�+diss), compressibility factor 

(z) and hydrate number (n).a 

Texp (K) Pexp (MPa) z (estimated) �¨Hdiss (kJ/mol CO2) n 
282.3 3.8481 0.71 57.10 6.05 
281.4 3.4222 0.75 60.24 6.08 
280.4 2.9301 0.79 63.55 6.12 
279.6 2.6281 0.82 65.44 6.15 
278.8 2.3480 0.84 67.13 6.18 
277.9 2.0493 0.86 68.88 6.22 
276.8 1.7662 0.88 70.48 6.27 
275.9 1.5963 0.89 71.40 6.29 
274.7 1.4084 0.90 72.40 6.33 
273.6 1.2861 0.91 73.03 6.35 
272.6 1.1703 0.92 73.64 6.38 

au��� Ḧ) (0.95 level of confidence) = ±1.5, u(T) (0.95 level of confidence) = ±0.08 K, u(P) (0.95 level of 

confidence) = ±0.0234 MPa. 
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Table43.S2: Experimental hydrate dissociation points (P and T) measured in the presence of CO2 

hydrate-based (System: CO2 + bitter melon juice + water) with their corresponding enthalpy of 

dissociation ���¨�+diss), compressibility factor (z) and hydrate number (n)a. 

W (wt.%) Texp (K) Pexp (MPa) z (estimated) �¨Hdiss (kJ/mol CO2) n 
96.5 280.8 4.5843 0.61 50.67 5.98 

 280.4 4.1474 0.67 55.59 6.00 

 279.8 3.7547 0.71 59.19 6.03 

 279.0 3.3079 0.75 62.78 6.06 

 278.2 2.9582 0.78 65.33 6.09 

 277.1 2.5331 0.82 68.21 6.13 

 275.8 2.1422 0.85 70.68 6.17 

 274.5 1.8578 0.87 72.39 6.21 

 273.0 1.5812 0.89 74.02 6.25 

 272.1 1.4236 0.90 74.94 6.28 
97.4 281.7 4.6334 0.61 50.44 5.98 

 281.3 4.2456 0.66 54.80 6.01 

 280.7 3.7612 0.71 59.20 6.04 

 280.1 3.4163 0.75 61.91 6.06 

 279.5 3.1404 0.77 63.92 6.08 

 278.4 2.7041 0.81 66.89 6.12 

 277.0 2.2490 0.84 69.78 6.17 

 275.5 1.8977 0.87 71.88 6.21 

 274.0 1.6016 0.89 73.60 6.26 

 272.2 1.3099 0.91 75.27 6.32 
98.3 282.5 4.7756 0.59 51.13 5.98 

 282.1 4.3140 0.66 56.78 6.01 

 281.7 3.9044 0.70 60.73 6.04 

 281.1 3.5999 0.73 63.28 6.06 

 280.6 3.3057 0.76 65.57 6.08 

 279.7 2.9047 0.79 68.48 6.11 

 279.0 2.6530 0.81 70.19 6.14 

 278.1 2.3259 0.84 72.34 6.17 

 277.0 2.0322 0.86 74.17 6.21 

 275.5 1.7319 0.88 75.98 6.25 
 273.3 1.3576 0.91 78.19 6.32E 

au��� Ḧ) (0.95 level of confidence) = ±1.5, u(T) (0.95 level of confidence) = ±0.08 K, u(P) (0.95 level of 

confidence) = ±0.0234 MPa, u(W) (0.95 level of confidence) = ± 2.53 wt.%. 

 

 

 

 

 



 
 

75 
 

Table53.S3: Experimental dissociation points (P and T) measured in the presence of CO2 hydrate-based 

(System: CO2 + grape juice + water) with their corresponding enthalpy of dissociation ���¨�+diss), 

compressibility factor (z) and hydrate number (n).a 

W (wt.%) Texp (K) Pexp (MPa) z (estimated) �¨Hdiss (kJ/mol CO2) n 
88.5 281.9 4.7999 0.58 51.08 5.97 

 281.2 4.3330 0.65 57.01 6.00 

 280.5 3.9720 0.69 60.62 6.02 

 280.0 3.7013 0.72 63.06 6.04 

 279.5 3.4495 0.74 65.17 6.05 

 278.9 3.1774 0.77 67.30 6.07 

 278.2 2.8616 0.79 69.65 6.10 

 277.1 2.4623 0.82 72.46 6.14 

 275.8 2.0376 0.86 75.28 6.19 
 274.5 1.7395 0.88 77.19 6.23 
 273.6 1.5393 0.89 78.44 6.27 

91.5 282.2 4.6578 0.61 55.24 5.98 

 282.0 4.5427 0.63 56.69 5.99 

 282.3 4.7097 0.60 54.52 5.98 

 281.5 4.1858 0.67 60.69 6.01 

 280.7 3.7402 0.72 64.94 6.04 

 280.0 3.3875 0.75 67.94 6.07 

 279.3 3.0655 0.78 70.48 6.09 

 278.6 2.7433 0.80 72.89 6.12 

 277.7 2.4016 0.83 75.31 6.16 
 276.9 2.1479 0.85 77.03 6.19 
 275.8 1.8336 0.87 79.11 6.23 

 274.4 1.5457 0.89 80.95 6.28 

 273.1 1.3264 0.91 82.32 6.33 
94.3 282.9 4.5791 0.63 57.08 6.00 

 282.4 4.2951 0.66 60.28 6.01 

 281.8 3.9042 0.70 64.10 6.04 

 281.2 3.5610 0.74 67.08 6.06 

 279.8 2.9352 0.79 71.97 6.11 

 278.4 2.4184 0.83 75.64 6.16 

 276.4 1.8160 0.87 79.64 6.25 

 274.5 1.4230 0.90 82.12 6.32 
au��� Ḧ) (0.95 level of confidence) = ±1.5, u(T) (0.95 level of confidence) = ±0.08 K, u(P) (0.95 level of 

confidence) = ±0.0234 MPa, u(W) (0.95 level of confidence) = ± 2.53 wt.%. 
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Table63.S4: Experimental dissociation points (P and T) measured in the presence of CO2 hydrate-based 

(System: CO2 + pineapple juice + water) with their corresponding enthalpy of dissociation ���¨�+diss), 

compressibility factor (z) and hydrate number (n).a 

W (wt.%) Texp (K) Pexp (MPa) z (estimated) �¨Hdiss (kJ/mol CO2) n 
91.1 282.8 4.7549 0.60 48.82 5.98 

 282.4 4.3944 0.65 52.93 6.01 

 282.0 4.0779 0.69 55.90 6.03 

 281.9 4.0222 0.69 56.39 6.03 

 281.2 3.5931 0.73 59.85 6.06 

 280.4 3.2004 0.77 62.69 6.09 

 279.0 2.6532 0.81 66.31 6.14 

 277.2 2.1019 0.85 69.66 6.20 
 274.8 1.5786 0.89 72.65 6.28 

  273.4 1.3594 0.91 73.86 6.32 
 271.8 1.1779 0.92 74.83 6.36 

93.3 281.9 4.5893 0.62 51.71 5.99 

 281.5 4.2343 0.66 55.62 6.01 

 280.9 3.8227 0.71 59.37 6.04 

 279.7 3.2127 0.76 64.13 6.08 

 278.8 2.7855 0.80 67.12 6.12 
 277.0 2.2074 0.84 70.84 6.18 
 274.9 1.7062 0.88 73.85 6.25 
 273.4 1.4509 0.90 75.32 6.29 

  272.2 1.2738 0.91 76.33 6.33 
95.6 280.9 4.3425 0.64 55.29 5.99 

 280.5 4.0110 0.68 58.70 6.02 

 279.8 3.5830 0.73 62.47 6.05 

 278.9 3.1157 0.77 66.12 6.08 

 277.7 2.6094 0.81 69.69 6.13 

 276.6 2.2511 0.84 72.05 6.16 

 275.5 1.9521 0.86 73.96 6.20 

 274.2 1.6515 0.88 75.80 6.25 
 273.1 1.4604 0.90 76.93 6.28 

 271.7 1.2493 0.91 78.17 6.33 
au��� Ḧ) (0.95 level of confidence) = ±1.5, u(T) (0.95 level of confidence) = ±0.08 K, u(P) (0.95 level of 

confidence) = ±0.0234 MPa, u(W) (0.95 level of confidence) = ± 2.53 wt.%. 
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CHAPTER 4 (BASED ON PAPER 3) 

KINETICS STUDIES  

EXPERIMENTAL KINETIC EVALUATION OF CARBON DIOXIDE HYDRATE-

BASED CONCENTRATION FOR GRAPE, PINEAPPLE AND BITTER MELON JUICES�‚�� 

�‚�&�R�Q�W�H�Q�W���S�X�E�O�L�V�K�H�G���L�Q���$�&�6���2�0�(�*�$�����������������;�;�����;�;���;�;�� 

Abstract  

Hydrate-based technology has emerged as a promising approach to address the �L�Q�G�X�V�W�U�\�¶�V�� �H�Q�H�U�J�\��

demands and product quality challenges in the food industry. Despite reported successes in the literature 

where higher dehydration ratios were achieved, technological problems like slow formation rate and 

poor process scale-up economics need to be addressed. Moreover, with little hydrate formation data 

�D�Y�D�L�O�D�E�O�H���� �W�K�H�� �P�R�V�W�� �I�R�F�X�V�� �L�V�� �R�Q�� �W�K�H�� �W�H�F�K�Q�R�O�R�J�\�¶�V�� �D�E�L�O�L�W�\�� �W�R�� �U�H�P�R�Y�H�� �Z�D�W�H�U�� �F�R�Q�W�H�Q�W���� �E�X�W�� �V�W�X�G�L�H�V�� �R�Q�� �W�K�H��

kinetics of hydrate formation are scarce. In the present work, the effect of varying grape/pineapple/bitter 

melon juice water cuts (88.5 to 97.4 ± 2.53 wt.%) on the formation kinetics of carbon dioxide (CO2) 

hydrates were investigated. Such information can provide insight into the possibile commercialisation 

of the hydrate-based technology. The reported experimental data were determined using the isochoric-

isothermal method in a high-pressure reactor at a target initial temperature from 274.15 to 276.15 K and 

varying initial pressures. Kinetic parameters were calculated using the relative kinetic models proposed 

in the literature. Lower relative values of investigated kinetic parameters and longer induction times 

were obtained at lower juice water cuts and lower degrees of subcooling. Despite observed inhibition 

effects, the study provides useful experimental and modelled kinetic data for filling the knowledge gap 

in understanding the controlling mechanism of CO2 hydrate formation. Therefore, it is believed that the 

reported findings may highlight some important practical aspects related to CO2 hydrate technology as 

an alternative juice concentration process.  

 

�������� �,�Q�W�U�R�G�X�F�W�L�R�Q�� 

Sustainable and smart nation development requires energy as a critical resource. In the next 20 years, 

the global energy demand is projected to increase by about 27%, and more fossil fuels resources will 

be needed for energy supply(Hwang et al., 2014; International Energy Agency, 2021). Meanwhile, the 

most significant challenge for industries is currently the decline in available fossil fuels reserves. 

Moreover, as the global energy demand is expected to increase, the impact of greenhouse gases will 

also increase. Therefore, the greenhouse effect, diminishing fossil fuels and increased energy demands 
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are pervasive global challenges due to the growing global population. This has increased the demand 

for agricultural commodities and industrial products. The aforementioned global challenges are 

becoming more severe and have drawn more attention in different sectors in the past decades 

(Lützkendorf and Balouktsi, 2019; Charani Shandiz et al., 2021; van Soest et al., 2021).  

 

While the depletion of fossil fuel reserves is observed, carbon dioxide emitted by burning fossil fuels 

for energy purposes is the most prevalent contributor to the greenhouse effect. Even with cost-

competitive renewable energy sources, fossil fuels will continue to supplement the energy supply. 

Furthermore, rapidly developing countries do not appear to be particularly interested in reducing their 

use of relatively cheap coal reserves. Based on projections, fossil fuels will likely dominate energy mix 

worldwide for a long time, and renewable energy sources will have difficulties to fully gain a substantial 

share of the global market (Mohr et al., 2015; Brockway et al., 2019). Even in the context of the 

Coronavirus disease (COVID-19) pandemic having caused a shock to the overall energy demand driven 

by a decline in commercial and industrial activities, carbon emissions kept on increasing (Mastropietro 

et al., 2020; International Energy Agency, 2021). In addition, due to the global economy shut-down, 

this COVID-19 outbreak has significantly increased the unemployment rate to 34.9% in South Africa, 

leading to energy poverty (Hughes Alison Larmour Richard, 2021; Ye and Koch, 2021; Ngarava et al., 

2022). Therefore, for these reasons, researchers seek alternative methods to reduce carbon emissions 

while protecting consumers basic energy needs. Addressing both energy inefficiency and CO2 

emissions represents an integrated approach in developping state-of-the-art innovative technologies 

(Huang et al.���� ������������ �(�Q�J�O�H�]�R�V���� ������������ �1�J�D�Q�� �D�Q�G�� �(�Q�J�O�H�]�R�V���� ������������ �$�Q�G�H�U�V�H�Q�¶�V��et al., 2009; Makogon, 

2010; Tumba et al., 2014; Hwang et al., 2014; Li, Shen, Liu, Fan, Tan, et al., 2015; Tan et al., 2015; 

Li, Shen, Liu, Fan and Tan, 2015; Ngema et al., 2019; Ong and Chen, 2019; Safari and Varaminian, 

2019; Chong et al., 2019; Gambelli et al., 2019; Abedi-Farizhendi et al., 2020; Ghiasi et al., 2020; 

Sergeeva et al., 2021; Wilberforce et al., 2021; Doubra et al., 2021). As for the fruit processing industry, 

carbon dioxide hydrate-based juice concentration has become increasingly popular as a novel approach 

for carbon dioxide reuse (i.e. reduction of CO2 emissions) and energy savings.  

 

Nowadays, the food industry utilises freeze concentration as an alternative to evaporation to remove 

water from heat-sensitive solutions and preserve bioactive contents. Concentration via hydrate 

formation is similar to freeze concentration such that the ice formation step is replaced with gas hydrate 

crystal formation in the former technology. The principle behind both processes is that the components 

of juice, except water are not involved in the crystal structure of either ice or gas hydrate. The freeze 

concentration process is very energy-intensive in the food industry as it relies on temperatures below 

water freezing point. However, energy requirements in gas hydrate-based technology are moderate 

since gas hydrate can be formed above water freezing point. Therefore, to conserve energy without 

destroying bioactive components in liquid foods such as juices (Huang et al., 1966; Ngan and Englezos, 
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1996; Chun and Lee, 1999; Li, Shen, Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Tan, et al., 2015; 

Smith et al., 2016; Safari and Varaminian, 2019; Seidl et al., 2019; Claßen et al., 2020; Ghiasi et al., 

2020; Doubra et al., 2021) and coffee (Purwanto et al., 2001, 2014; Abedi-Farizhendi et al., 2020), it 

is feasible to incorporate high concentrations of CO2 into liquid foods and effect water removal through  

a hydrate-based technology. Hence, CO2 hydrate-based technology in the food industry has emerged as 

a green solution to guarantee stable and sustainable renewable energy utilisation. 

 

Although the hydrate-based concentration technology offers energy conservation and preservation 

benefits in the fruit juice concentration industry, its commercialisation associated with industrial-scale 

production is not yet effective. This does not come as a surprise when it appear that thermodynamic and 

kinetic data relevant to hydrate forming systems in the presence of fruit juices are scarce. Such data are 

instrumental designing and optimising industrial processes. The present experimental study was 

initiated to provide new experimental data from which insight can be gained into the interplay between 

hydrate formation kinetics and juice water contents. It was reported in previous studies that gas hydrate 

formation depended on juice composition, the mixing of the phases, and system geometry (Li, Shen, 

Liu, Fan and Tan, 2015; Li et al., 2017; Safari and Varaminian, 2019). Kinetic studies entails 

determining key kinetic parameters of hydrate formation, including storage capacity, apparent rate 

constant, water-to-hydrate conversion, gas consumption, and rate. These kinetics parameters of gas 

hydrates formation are of interest in fully assessing the proposed concentration process of gas hydrates 

in vew of its future commercialisation. Well-known kinetic models proposed by Englezos et al. (1987) 

were used in this study to determine these kinetic parameters. Based on crystallisation theory (Englezos 

et al., 1987), these kinetic models were developed to calculate the difference between the fugacity of 

the gas species in the hydrate and vapour phases. This is the driving force for gas hydrate formation.  

 

Concretely, experimental kinetic data under hydrate forming conditions have been reported for three 

different systems containing carbon dioxide, water as well as grape/pineapple/bitter melon juices. The 

effect of grape/pineapple/bitter melon juice water cut on experimentally obtained induction time and 

calculated kinetic parameters have been examined at various initial temperatures and pressures.��Kinetic 

data such as those reported in the present study represent a prerequisite for industrial roll out of gas 

hydrate-based fruit juice concentration. 

 

�������� �(�[�S�H�U�L�P�H�Q�W�D�O���V�H�F�W�L�R�Q������ 

������������ �0�D�W�H�U�L�D�O�V�� 

Ultrapure Millipore-Q water, fruits, and carbon dioxide (CO2) were used for the present study. The 

�O�D�E�R�U�D�W�R�U�\���R�E�W�D�L�Q�H�G���Z�D�W�H�U���Z�L�W�K���D�Q���H�O�H�F�W�U�L�F�D�O���U�H�V�L�V�W�L�Y�L�W�\���R�I�������������0�
���F�P���D�W�����������������.���Z�D�V���X�V�H�G���I�R�U���W�K�L�V��

experiment. Table 3.1 contains additional information about these two chemicals. Afrox (South Africa) 
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provided CO2 gas with a minimum mass fraction of 99.99%, raw fruits (grape, pineapple, and bitter 

melon) were purchased from Food lovers supermarket in KwaZulu-Natal (South Africa, Durban). Fresh 

juice was extracted from these fruits by carefully crushing them; the characteristics of their 

compositions are given in Table 3.2, which will be discussed further in the results and discussion 

section. The preparation of juice solutions with an uncertainty level of ±0.5 mL gravimetrically was 

conducted using an accurate analytical balance, model AS220/C/2 (provided by RADWAG, Poland) 

having an uncertainty of ±0.0001 g in mass. 

 

������������ �$�S�S�D�U�D�W�X�V�� 

In this study, a high-pressure equilibrium cell was used. A 100-mL stainless steel container made from 

stainless steel (SS 316L) was supplied by Büchi, Switzerland. A nickel-chromium-iron-molybdenum 

alloy is hydrophobically coated on the inside of the cell, making it capable of withstanding temperatures 

and pressures up to 473.15 K and 10 MPa, respectively. The liquid bath and system temperature were 

measured with a four-wire Pt-100 thermocouple (supplied by Grant Instruments, United Kingdom), 

with an error of  ±0.3 K. An inside pressure of the high-pressure equilibrium cell were measured by a 

pressure transducer (supplied by ESI Technology of the United Kingdom), with an uncertainty of  

0.25 % of full scale. A magnetic stirrer bar was used with a capacity of 1000 RPM to stabilise the 

thermodynamic equilibrium quickly and ensure thorough mixing of contents. A temperature-controlled 

unit, designated LTC4 (supplied by Grant Instruments, United Kingdom), was composed of a TX150 

OptimaTM circulation bath and an R4 storage tank and refrigeration unit. A liquid bath and system 

temperature were set and controlled with this device. An aqueous solution of glycerol water served as 

the cooling solution. The cell is vacuumed to remove any trapped air (supplied by Gardner Denver, 

United States). In SquirrelView software, pressure and temperature data at particular intervals were 

monitored using the apparatus connected to a Grant Instruments Data Acquisition Unit (SQ2020-1F8). 

Figure 3.1 shows a schematic diagram of the experimental setup utilised in this study. 

 

������������ �6�D�P�S�O�H���S�U�H�S�D�U�D�W�L�R�Q 

For the preparation of the samples, a 500 mL volumetric flask was used. First, the flask was washed 

and rinsed out with distilled water. Following that, Fruit juices of different concentrations were prepared 

using Ultrapure Millipore water. In a 500-mL flask of fruit juice, the desired amount of ultrapure 

Millipore water was added, and an uncertainty level of ±0.5 mL was determined. Freshly prepared fruit 

juice samples were kept in an ultrasonic bath for 15 minutes before storing both pure and diluted fruit 

juice samples in a refrigerator at 277.15 K. Lastly, a well-described methodology in literature, AOAC 

International, (2016), was used to analyse the composition of the investigated fruit juices. Table 3.2 

give a detailed breakdown of the constituents of the examined fruit juices.  
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������������ �(�[�S�H�U�L�P�H�Q�W�D�O���P�H�W�K�R�G�V�� 

�.�L�Q�H�W�L�F�V���R�I���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���P�H�D�V�X�U�H�P�H�Q�W�V�� 

In this study, for this thermodynamic measurement, the same experimental method and experimental 

procedure were used in literature as described by Sloan and Koh (2007), Tumba et al. (2011), and Fakir 

et al. (2021), for hydrate measurements were used. However, the primary purpose for these 

measurements was to estimate the effect of each parameter used (i.e. initial temperature and pressure as 

well as fruit juice concentration) and identify the hydrate formation and growth rate, storage capacity, 

mole consumption, apparent rate constant, and water to hydrate conversion during the hydrate 

formation. 

 

In these measurements, the system for each run was washed vigorously to eliminate any remaining fruit 

juice sample from previous kinetic measurements, and a fresh fruit juice sample at selected 

concentration was used. The equilibrium cell was cleaned with soapy liquid and repeatedly rinsed with 

Ultrapure Millipore water. Then, the system was soaked with methanol or ethanol for 30 minutes. After, 

the cell was rinsed with acetone to ensure that it was dry before each experimental run. After cleaning, 

the equilibrium cell cover plate was tightened to ensure proper seal before being pressurised and was 

connected to the monitoring system. Then, a vacuum pump was used to evacuate the cell for 

approximately 30 minutes to a pressure of 0.00025 MPa. After that, the appropriate quantity (40 mL 

with an uncertainty level of ±0.5 mL) of the fruit juice sample freshly prepared was injected into the 

equilibrium cell. Again, the equilibrium cell was evacuated to eliminate any presence of air for 5 

minutes. Afterwards, the equilibrium cell was submerged into the temperature-controlled liquid bath 

set for the desired initial temperature to cool the equilibrium cell for at least 45 to 90 minutes depending 

on the liquid sample to ensure that equilibrium temperature was achieved.  

 

When system temperature stabilises, the equilibrium cell was purged by slowly pressurising with CO2 

to 0.5 MPa. Then the cell was vented completely. This cycle was repeated at least three times to prevent 

residual air contamination. The cell was then pressurised slowly with CO2 to a desired initial pressure 

within the hydrate stability zone. During CO2 injection, the dissolution of warm CO2 in water causes a 

slight increase in system temperature. After pressurising the cell, the pressure-regulating valve was 

closed, and the magnetic stirrer was switched on and set at a speed of 500 rpm to agitate the phase inside 

the equilibrium cell. Then the system temperature decreases steadily to the set temperature. The system 

temperature and pressure were monitored and recorded by a data acquisition connected to a computer 

installed with the SquirrelView software for display until an equilibrium condition was reached. Since 

heat energy is released (exothermic process) during hydrate formation, the nucleation point was 

detected by a spiked system temperature (in both the interphase and the liquid), depicted in Figure 4.1. 

Then, as the hydrate was formed, CO2 was encapsulated (hydrate growth) inside the crystals, causing 
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the cell pressure to drop sharply. The system was left until a stable temperature and pressure was 

observed after the hydrate growth.  

 

 

Figure 4.1: Pressure and temperature traces during the hydrate nucleation and growth at the constant 

temperature and initial pressure of 276.15 and 3.9 MPa in grape juice having 50.0 vol% of Millipore 

water added. As can be seen in the photograph (i), the hydrate formed by the experiment.  

 

In order to shut the system down after the pressure stabilises, the data acquisition was stopped, the 

stirrer, the temperature controller, and the bath were turned off. Next, the cell was disconnected from 

the data acquisition system, removed from the liquid bath, and placed in a fume hood. The gas 

accumulated inside the cell was slowly released through the vent, and the contents were discarded. 

Lastly, the cell was cleaned as described above. All measurements were repeated twice to ensure that 

the reported results were reproducible and accurate, and the uncertainty of the induction time reported 

is ±1 min.  

 

�������� �7�K�H�R�U�\�� 

������������ �.�L�Q�H�W�L�F���P�R�G�H�O�V 

In this study, kinetic parameters were empirically determined, including the rate of hydrate formation, 

storage capacity, apparent rate constant, water-to-hydrate conversion, and gas consumption. The kinetic 

models developed by Englezos et al. (1987) were �X�V�H�G�� �D�Q�G�� �D�U�H�� �Z�H�O�O�� �G�H�V�F�U�L�E�H�G�� �L�Q�� �6�O�R�D�Q�� �D�Q�G�� �.�R�K�¶�V��

literature (Sloan and Koh, 2007). For the formation of CO2 gas hydrate in juice systems investigated, 
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the following equation describes the physical reaction between water and CO2 gas: 

          (4.1) 

where n denotes the hydration number calculated by utilising the following equation for structure I 

(Sloan and Koh, 2007).  

                     (4.2) 

where ��L and ��S denote the fractional occupancy and indicators of L and S represents large and small 

cavities. In this study, the model parameters for the Langmuir constants for CO2 gas were determined 

using the �3�D�U�U�L�V�K���D�Q�G���3�U�D�X�V�Q�L�W�]����������������equation, as shown below:  

     (4.3) 

where Aij, and Bij, are adjustable adsorption parameters (Table 4.1) found for different hydrate formers 

in the open literature�����3�D�U�U�L�V�K���D�Q�G���3�U�D�X�V�Q�L�W�]����������������  

Table 4.1: Langmuir constants of various materials are presented 

Langmuir parameters  

 Structure I   Structure II  

Property Aij Bij  Aij Bij 
Small  0,001198 2860,5  0.0 0.0 
Large  0,008507 3277,9  0.0 0.0 

 

According to �&�K�H�Q�� �D�Q�G�� �*�X�R�� ������������, the following equation is used to calculate the fugacity of gas 

species in the vapour phase: 

     (4.4) 

      (4.5) 

where f �G�H�Q�R�W�H�V���D���V�S�H�F�L�H�V�¶���I�X�J�D�F�L�W�\���L�Q���H�T�X�L�O�L�E�U�L�X�P���Z�L�W�K���W�K�H���Y�D�S�R�X�U���S�K�D�V�H�����Z�K�L�O�H���V�X�E�V�F�U�L�S�W�V �µ�R�¶��represents 

its fugacity in equilibrium with the unfilled initial hydrate phase. According to this equation, the 

symbols �µ��1�¶ and �µ��2�¶ denote the number of related cavities per water molecule and the number of gas 

hydrate formers per water molecule, respect�L�Y�H�O�\�����7�K�H�V�H���D�V�V�X�P�S�W�L�R�Q�V�����.�¶���L�Q���H�T�X�D�W�L�R�Q�������������O�H�D�G���W�R����������

and 2 for structures I and II ���&�K�H�Q���D�Q�G���*�X�R��������������. Using Equation 4.6, one can calculate the fugacity 
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of a gas molecule in equilibrium with a basic unfilled hydrate: 

               (4.6) 

where 

               (4.7) 

                   (4.8) 

                     (4.9) 

               (4.10) 

T and P in the above equations are in K and Pa, respectively. �û�9���D�V���V�X�J�J�H�V�W�H�G���E�\���&�K�H�Q���D�Q�G���*�X�R�������������� 

can be taken as a constant. In Equation 4.7, the A, B, and C parameters (Table 4.2) represent the Antoine 

constants for the hydrate former ���&�K�H�Q���D�Q�G���*�X�R��������������.  

Table 4.2: �$�Q�W�R�L�Q�H�¶�V���F�R�Q�V�W�D�Q�W�V���R�I���Y�D�U�L�R�X�V���P�D�W�H�U�L�D�O�V���D�U�H���S�U�H�V�H�Q�W�H�G�� 

Antoine's constants 
Structure A B C 

I  9.64 × 10-10 -6444.5 36.67 
II  3.45 × 10-10 -12570 6.79 

 

For structure I, the ���¶ parameter is equal to 0.4242 × 10-5 (K/Pa), and for structure II, it is equal to 

1.100224 × 10-5 (K/Pa)�����&�K�H�Q�� �D�Q�G�� �*�X�R���� ������������ �$�F�F�R�U�G�L�Q�J�� �W�R�� �/�D�Q�J�P�X�L�U�¶�V�� �D�G�V�R�U�S�W�L�R�Q�� �W�K�H�R�U�\���� �W�K�H���� 

parameter can be calculated as follows: 

                 (4.11) 

where Ci indicates the Langmuir constant previously determined (Eq. 4.3) and fg is the fugacity of gas 

in the vapour phase. In order to calculate the amount of gas consumed through clathrate hydrate 

formation, the real gas law is used as follows (Smith et al., 2000; Fakir et al., 2021): 

                (4.12) 
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where P, T, and V signify pressure, temperature, and volume of gas inside the high-pressure equilibrium 

cell. For each time value of 0 and t, the subscripts indicate the equilibrium conditions at that time. In 

Equation 4.12, SRK EoS is used to estimate the compressibility factor, Z�����R�I���W�K�H���J�X�H�V�W�¶�V���P�R�O�H�F�X�O�H��(Smith 

et al., 2000). Based on the following equation (Mohammadi et al., 2014), the gas volume inside the 

cell, Vt, at time t can be estimated: 

            (4.13) 

where Vcell �U�H�S�U�H�V�H�Q�W�V���W�K�H���F�H�O�O�¶�V���W�R�W�D�O���Y�R�O�X�P�H�����Z�K�L�F�K���L�V�����������F�P3, VSo represents the volume of the aqueous 

solution, which is 40 cm3. Then, the volume of solution or water reacted, VRWt at a time, the following 

equation estimates t (Mohammadi et al., 2014): 

                                  (4.14) 

where vL
w represent the molar volume of water in the cell, which can be calculated by the following 

expression (Englezos et al., 1987; Mohammadi et al., 2014):  

           (4.15) 

where, T and vL
w are in K and m3/mol, respectively. The molar volume, VHt, of the hydrate at time t, is 

calculated as follows (Mohammadi et al., 2014): 

                     (4.16) 

where T is in K, P is in MPa and vMT
w is the volume of empty hydrate lattice. According to Klauda and 

Sandler (2000), and Dharmawardhana et al. (1980), the following equations can be used to calculate 

molar volume (vMT
w�����L�Q���V�W�U�X�F�W�X�U�H���,�¶�V���H�P�S�W�\���K�\�G�U�D�W�H���O�D�W�W�L�F�H���S�K�D�V�H�� 

           (4.17) 

where NA �L�V�� �$�Y�R�J�D�G�U�R�¶�V�� �Q�X�P�E�H�U�� �D�Q�G��vMT
w, T and P are in m3/mol, K and MPa, respectively.  

Water-to-hydrate conversion (known as a mole of water per moles of feed solution) is calculated as 

follows:  



 
 

86 
 

               (4.18) 

The storage capacity of gas hydrates is defined as the volume of gas they can store under standard 

pressures and temperatures. The equation (Eq. 4.19) for calculating the storage capacity of hydrate 

formers during hydrate formations (Mohammadi et al., 2014) is used as follows: 

                (4.19) 

where subscripts STP stands for the standard conditions, and VH is the molar volume of hydrate 

formation, which is calculated using Eq. (4.16). As a result of the formation of gas hydrate, the 

following equation is used to estimate the rate of gas consumption (Englezos et al., 1987; Zhang et al., 

2007; Mohammadi et al., 2014): 

           (4.20) 

In equation 4.20, ni-1 and ni+1represent the number of gas molecules in the vapour phase at a time equal 

to ti-1 and ti+1, respectively, where nw0 is the initial number of water molecules in the liquid phase, which 

is estimated using the initial volume of water (40 cm3 in this study). According to this study, kapp (the 

apparent rate constant of reaction during hydrate formation) is another parameter described. This 

parameter is estimated using the equation below (Mohammadi et al., 2014). 

                  (4.21) 

 

�������� �5�H�V�X�O�W�V���D�Q�G���G�L�V�F�X�V�V�L�R�Q�� 

������������ �(�[�S�H�U�L�P�H�Q�W�D�O���U�H�V�X�O�W�V���D�Q�G���D�Q�D�O�\�V�L�V���R�Q���W�K�H���N�L�Q�H�W�L�F�V���R�I���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q�� 

�7�L�P�H���R�I���F�D�U�E�R�Q���G�L�R�[�L�G�H���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q�����,�Q�G�X�F�W�L�R�Q���W�L�P�H�� 

A total of 60 hydrate formation experiments were carried out at initial pressures ranging from 2.1382 

to 4.8731 MPa and constant temperatures from 274.15 to 276.15 K in three juice-containing systems 

(system 1: CO2 + grape juice; System 2: CO2 + pineapple juice; system 3: CO2 + bitter melon juice), 

with pure and dilute fruit juice concentration. All measurements were repeated twice to ensure that the 

reported results were reproducible and accurate. The uncertainty of the reported induction time is  

±1 min. The experimental results are provided in Tables 4.3 to 4.5. It should be noted that hydrate 



 
 

87 
 

formation times were calculated by averaging two measurements under identical conditions.  It was 

observed that the required hydrate nucleation time depended on temperature and pressure. Laboratory 

hydrate dissociation data measurements revealed that hydrate formation was a time-consuming 

phenomenon, an indication of its energy-intensitivity. Therefore, in the context of techno-economic 

analysis, hydrate formation time can be regarded as the main factor ensuring the financial viability of 

the proposed technology. Thus, this factor is so crucial that excluding it may lead to inaccurate models 

for the design and optimisation of hydrate-based fruit concentration processes. It is vital in 

understanding the kinetics and mechanisms to form gas hydrates for new investigated systems.  

 

Table 4.3: Experimental kinetics results of hydrate formation in the presence of bitter melon juice.a 

bWC 
/(wt.%)  

cTexp 
/(K)  

d�¨�7exp 
/(K)  

ePexp 

/(MPa)  

fIT 
/(min)  

gSC 
/(v/v) 

hFMGC 
mmole 

iFWHC 
/(%) 

jKapp×109 
 

kHFR×103 
 

96.5  274 4.09 2.9432 783.58 128.95 0.023 27.60 18.5 4.12 

  4.65 3.2371 292.08 145.57 0.027 32.40 20.5 11.5 

  4.83 3.3293 97.75 162.85 0.029 34.80 21.1 13.3 

 275 3.45 3.1131 892.92 109.61 0.023 27.39 17.6 7.70 

  4.15 3.5063 301.33 127.29 0.027 31.81 20.0 12.6 

  5.05 4.0739 115.08 133.59 0.028 33.38 23.4 22.2 

 276 2.75 3.2826 890.25 86.91 0.018 21.72 17.2 3.18 

  3.15 3.4736 556.92 113.19 0.024 28.28 18.3 9.71 

  3.65 3.7934 183.01 121.82 0.025 30.46 20.0 11.3 

97.4  274 5.15 3.0533 83.92 135.35 0.028 50.4 18.8 12.6 

  6.05 3.4888 46.25 83.43 0.038 68.4 21.7 18.9 

  6.45 3.7120 4.58 101.36 0.041 73.76 23.1 26.4 

 275 3.75 2.8968 115.42 105.54 0.022 39.56 17.4 8.16 

  4.91 3.3897 71.08 158.22 0.033 59.31 20.5 16.9 

  5.75 3.9080 12.08 197.94 0.008 14.22 23.9 22.6 

 276 2.75 2.8916 1167.67 93.52 0.018 27.28 14.1 5.04 

  3.34 3.1375 443.25 109.28 0.023 40.96 15.4 7.41 

  4.25 3.5720 184.17 158.47 0.033 59.4 17.7 13.4 

100 275�‚ 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102 

 276§ 2.65 3.0600 - 49.90 0.042 26.90 3.57 11.0 
a Standard uncertainty: u(T) = 0.08 K, u(P) = 0.0234 MPa b Water content; c initial temperature; d degree of 

subcooling; e initial pressure; f Induction time; g storage capacity; h Final moles of gas consumed per moles of 

water; i Final water-to-hydrate conversion (mole%); j Apparent rate constant; and k Hydrate formation rate, �‚����

�0�R�K�D�P�P�D�G�L���H�W���D�O������������������������§ �$�E�H�G�L���)�D�U�L�]�K�H�Q�G�L���H�W���D�O������������������ 
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Table 4.4: Experimental kinetics results of hydrate formation in the presence of grape juice.a 

a Standard uncertainty: u(T) = 0.08 K, u(P) = 0.0234 MPa b Water content; c initial temperature; d degree of 

subcooling; e initial pressure; f Induction time; g storage capacity; h Final moles of gas consumed per moles of 

water; i Final water-to-hydrate conversion (mole%); j Apparent rate constant; and k Hydrate formation rate, �‚����

�0�R�K�D�P�P�D�G�L���H�W���D�O����������������������§ �$�E�H�G�L���)�D�U�L�]�K�H�Q�G�L���H�W���D�O������������������ 

 

 

 

 

 

 

bWC 
/(wt.%) 

cTexp 
/(K) 

d�¨�7exp 
/(K)  

ePexp 

/(MPa) 

fIT 
/(min) 

gSC 
/(v/v) 

hFMGC iFWHC jKapp×109 kHFR×103 

88.5 274 5.15 3.3338 458.05 143.30 32.27 0.029 16.3 25.1 

  5.85 3.6529 90.17 157.10 38.20 0.032 18.5 28.4 

  5.85 3.6680 47.92 158.39 39.10 0.033 18.6 29.1 

 275 3.25 2.9690 1269.92 105.51 26.36 0.022 12.6 16.3 

  4.55 3.5651 507.42 133.26 32.01 0.028 16.3 25.7 

  4.75 3.6282 287.92 140.21 33.32 0.029 16.7 27.1 

  5.25 3.8767 122.33 144.70 35.73 0.030 18.2 28.1 

  5.35 3.9391 53.08 155.08 39.01 0.031 18.7 29.4 

 276 2.65 3.1126 1820.33 98.50 24.61 0.021 12.2 14.2 

  3.65 3.5736 1193.1 110.91 27.72 0.023 14.8 19.4 

  4.25 3.9184 882.75 151.63 37.89 0.032 16.8 25.2 

91.4 274 2.75 2.1382 23.75 - - - - - 

    4.75 2.8866 16.08 - - - - - 

   6.75 3.8245 11.17 - - - - - 

  6.75 3.8342 6.67 - - - - - 

  7.15 4.1001 2.92 - - - - - 

 275 4.17 3.0795 990.25 126.77 47.52 0.026 14.7 20.3 

  4.95 3.4774 308.67 141.95 64.80 0.036 17.4 29.3 

   5.05 3.5146 191.08 152.18 66.60 0.037 17.7 31.4 

  5.15 3.5451 146.75 157.48 68.40 0.038 17.9 32.7 

 276 3.15 3.0321 425.86 113.84 42.67 0.024 13.0 16.7 

  3.87 3.4129 342.92 140.91 52.82 0.029 15.4 22.2 

  4.15 3.4983 298.33 160.28 60.08 0.033 15.9 24.2 

  4.54 3.7202 71.5 174.51 65.41 0.036 17.3 26.7 

100 275�‚ 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102 

 276§ 2.65 3.0600 - 49.90 0.042 26.90 3.57 11.0 
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Table 4.5: Experimental kinetics results of hydrate formation in the presence of pineapple juice.a 

bWC 
/(wt.%)  

cTexp 
/(K)  

d�¨�7exp 
/(K) 

ePexp 

/(MPa)  

fIT 
/(min)  

gSC 
/(v/v) 

hFMGC 
 

iFWHC 
 

jKapp×109 
 

kHFR×103 

91.1 274 6.25 3.1963 137.08 132.97 0.033 33.23 17.5 11.7 

  7.35 3.7980 52.83 165.49 0.041 41.35 21.1 12.8 

  7.55 3.9086 4.00 173.46 0.043 43.34 21.7 18.4 

 275 6.05 3.5764 405.15 136.84 0.034 34.20 17.8 14.3 

  6.45 3.8021 139.67 145.82 0.036 36.44 19.0 16.8 

  6.95 4.1672 20.08 166.90 0.042 41.71 20.9 20.7 

 276 4.75 3.4405 581.67 120.72 0.030 30.16 15.4 7.66 

  5.25 3.6976 193.83 131.86 0.033 32.95 16.7 19.1 

  5.85 4.1011 34.33 151.30 0.039 38.92 18.6 21.1 

93.3 274 5.55 3.1663 129.08 175.00 0.035 62.84 14.8 12.5 

  6.35 3.5995 97.58 184.55 0.041 73.23 17.0 23.1 

  6.45 3.7277 28.67 193.73 0.043 76.87 17.6 25.3 

 275 4.05 2.9725 470.57 154.34 0.032 57.85 15.2 9.21 

  4.95 3.4297 396.92 172.05 0.036 64.49 17.7 1.6 

  5.45 3.6157 129.17 183.41 0.038 68.75 18.7 20.8 

 276 3.35 3.1082 643.92 123.93 0.028 46.45 14.5 6.5 

  4.75 3.7869 330.42 135.45 0.027 50.75 18.0 18.9 

  4.85 3.8697 242.50 136.35 0.025 51.11 18.3 21.7 

100 275�‚ 3.42 3.0000 1.10 174.25 0.166 27.02 258.8 102 

 276§ 2.65 3.0600 - 49.90 0.042 26.90 35.7 11.0 
a Standard uncertainty: u(T) = 0.08 K, u(P) = 0.0234 MPa b Water content; c initial temperature; d degree of 

subcooling; e initial pressure; f Induction time; g storage capacity; h Final moles of gas consumed per moles of 

water; i Final water-to-hydrate conversion (mole%); j Apparent rate constant; and k Hydrate formation rate, �‚����

�0�R�K�D�P�P�D�G�L���H�W���D�O����������������������§ �$�E�H�G�L���)�D�U�L�]�K�H�Q�G�L���H�W���D�O������������������ 

 

In this study, the hydrate formation time varied from seconds to days due to the complex nature of the 

hydrate formation process (Kashchiev and Firoozabadi, 2003; Sloan and Koh, 2007). This induction 

time is determined between gas injection and the occurrence of the nucleate incipient (Sloan and Koh, 

2007).  This occurs due to a dramatic drop and abruptly increase of the system pressure and temperature. 

This quick temperature increase is due to the heat released when the supersaturated metastable state is 

suddenly broken. Tables 4.3 to 4.4 reports the average induction times values with other pertinent data 

for newly investigated systems obtained from experimental kinetics of hydrate formation measurements 

carried out at constant initial temperatures of 274.15 to 276.15 K and different initial pressures ranging 

from 2.80 to 4.10 MPa.  

 

As reported in Tables 4.3 to 4.5, it can be seen that the incipient hydrate time relied on numerous factors, 

including initial pressure and temperature, sub-cooling temperature, juice residuals, water cut, and 

system geometry. Therefore, results obtained in this study for investigated systems did not accurately 
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match. This signified that replication of results obtained from one system is not possible. All 

investigated systems seem to provide better stability gain at higher pressures and temperatures. The 

assessment of these factors on induction time is discussed later in this Chapter.  

 

�(�I�I�H�F�W���R�I���L�Q�L�W�L�D�O���S�U�H�V�V�X�U�H���D�Q�G���W�H�P�S�H�U�D�W�X�U�H���R�Q���L�Q�G�X�F�W�L�R�Q���W�L�P�H�� 

Initial conditions (pressure and temperature) were selected in the hydrate stability zone to ensure the 

clathrate hydrate formation. Before the �L�Q�L�W�L�D�O���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q�����W�K�H���K�\�G�U�D�W�H���S�U�H�V�V�X�U�H�V�¶���V�L�J�Q�D�O���V�K�L�I�W�V�����X�S��

to ± 0.05 MPa) were observed. Induction times varied significantly with experimental conditions. As 

observed in Tables 4.3 to 4.5 and Figures D.7 to D.15, induction times for the new systems investigated 

in this study are shorter at high initial pressures. This is understandable as high initial pressures 

correspond to high degrees of subcooling (see Appendix D, Figures D.1 to D.6).  

 

During the dissolution stage between gas injection and the occurrence of nucleation, the pressure was 

observed to drop, indicating that a large amount of CO2 was dissolved in the juice system. This was 

followed by a sudden pressure drop and a sharp temperature increase, indicating the onset of CO2 

hydrate nucleation. It was also observed that clathrate hydrate nucleated immediately once the agitation 

was initiated at higher degrees of sub-cooling. This is due to the fact that the liquid phase was quickly 

converted to the bulk hydrate. The hydrate formation rate increased as the initial pressure was increased. 

This indicates that at higher initial pressures, the mass transfer resistance in the liquid phase is lower 

due to an increased driving force for the hydrate formation reaction, resulting in rapid hydrate formation.  

 

When the equilibrium pressure is attained, a condition such that the hydrate is no longer formed, the 

pressure drop observed in Tables 4.3 to 4.5 and Figures D.7 to D.15 may be related to hydrate formation. 

As it can be seen, increasing the initial pressure and the degree of sub-cooling as driving forces of the 

hydrate formation has decreased the pressure drop. This observed behaviour may be attributed to the 

high solubility of CO2 at high pressure which compel the liquid phase to accommodate a limited number 

of additional CO2 molecules prior to conversion into hydrate. However, an opposite trend was observed 

when the system temperature was decreased, leading to a decrease in CO2 solubility in water and an 

increased pressure drop. Grape juice exhibited the highest hydrate formation rate, in which more gas in 

the same period is consumed than pineapple and bitter melon juices.  

 

On the other hand, an increase in system temperature which amounts to a decrease in subcooling results 

in a further reduction of the induction times. This indicates that it is difficult for the carbon dioxide 

hydrate to be formed at higher temperatures, the higher the induction time, the slower the hydrate 

formation rate. However, at lower temperatures, the system reaction time was shortened. This is due to 

�W�K�H���V�\�V�W�H�P�¶�V���K�H�D�W���W�U�D�Q�V�I�H�U���U�H�V�L�V�W�D�Q�F�H�����Z�K�L�F�K���E�H�F�R�P�H�V���V�P�D�O�O�H�U���D�Q�G���H�Q�K�D�Q�F�H�V���W�K�H���U�H�D�F�W�L�R�Q���W�R���R�F�F�X�U���D�Q�G��
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proceeds rapidly, which conforms to the formation law of hydrates. It appears that favourable conditions 

for improved kinetics are characterised by low temperatures and high pressures. Under these conditions, 

energy costs are expected to be exorbitant. Hence, the need to assess the combined effect of these two 

important factors as a step towards process optimisation. This assessment was carried out in the 

literature by determining the difference between the fugacity (chemical potential) of the guest gas in 

the hydrate phase and the vapour phase as an alternative driving force (Bowick and Travesset, 2000). It 

is discussed later in this Chapter.   

 

�(�I�I�H�F�W���R�I���Z�D�W�H�U���F�R�Q�W�H�Q�W���R�Q���L�Q�G�X�F�W�L�R�Q���W�L�P�H 

As shown in Tables 4.3 to 4.5 and Figures D.7 to D.15, the hydrate formation time was slightly higher 

for diluted juices than that of pure juices. The high solubility of carbon dioxide reduces the disruption 

of water-gas interactions due to juice components. In clear terms, due to their very low concentration 

in water as compared to CO2, juice components have no significant effect on hydrate formation time. 

This observed increase in induction time was expected. It is consistent with the reported inhibition 

mechanism attributed to the perturbation of water�² the increase in inhibition effects of investigated 

systems to hydrate formation, resulting in less pressure drop. 

 

Regarding effectiveness as kinetic hydrate inhibitors, grape juice inhibits the hydrate formation less 

notably than pineapple and bitter melon by presenting the shortest induction time for the studied 

conditions. This tendency is followed by pineapple and bitter melon. More hydrate was formed for juice 

systems with the highest initial quantity of water addition (91.1, 93.3 and 97.4 wt.%). Moreover, 

considerable delays in the induction time values were observed for pure juice samples (88.5, 91.1 and 

96.5 wt.%). Conversely, comparison between diluted (91.4, 93.3 and 97.4 wt.%) and pure juice samples 

(88.5, 91.1 and 96.5 wt.%) revealed that the induction time values of the 91.4, 93.3 and 97.4 wt.% juice 

sample were faster. This was expected since the inhibiting effects were weakened.  

 

������������ �,�P�S�D�F�W���R�I���L�Q�L�W�L�D�O���F�R�Q�G�L�W�L�R�Q�V���R�Q���N�L�Q�H�W�L�F���S�D�U�D�P�H�W�H�U�V���R�I���I�R�U�P�D�W�L�R�Q���I�R�U���F�D�U�E�R�Q���G�L�R�[�L�G�H��

�K�\�G�U�D�W�H 

�7�K�H���U�D�W�H���R�I���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���D�Q�G���J�U�R�Z�W�K���Z�L�W�K���G�L�I�I�H�U�H�Q�W���Z�D�W�H�U���F�X�W 

In this study, the hydrate formation rate for each investigated system was measured as a kinetic 

parameter for hydrate formation. The effect of initial pressure conditions at different concentrations of 

investigated juices on the amount of gas consumed at constant temperatures is listed in Tables 4.3 to 

4.5 and plotted in Figures 4.2 to 4.4, allowing easier visualisation. 
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Figure 4.2: Comparison between the hydrate formation rate obtained for pure (left) and dilute (right) 

bitter melon juice system at targeted temperatures and varying pressures. Colour coding denotes the 

target temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red).  

 

 
Figure 4.3: Comparison between the hydrate formation rate obtained for pure (left) and dilute pineapple 

juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 
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Figure 4.4: Comparison between the hydrate formation rate obtained for pure (left) and dilute (right) 

grape juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

The hydrate formation rate /or growth experiments with or without water addition indicated the impact 

of inhibiting effects reported in previous sections. The inhibition effects were observed with 

investigated systems at temperatures 274.15 to 276.15 K and varying system pressure. For all 

investigated systems at each constant temperature, it was observed that the maximum hydrate formation 

rate occurred at the beginning of the hydrate formation stage, then the rate decreased. This observed 

behaviour may be interpreted by considering two factors. As the gas molecules increase and become 

clustered inside the hydrate cavities, it causes a significant reduction of CO2 gas in the vapour phase. 

Secondly, as hydrate formation takes place in a closed system, water consumed during this process 

causes the highly CO2 gas to diffuse faster from saturated vapour to a hydrate forming phase resulting 

in a significant decrease of pressure. This reduction in pressure increased the rate of hydrate formation.  

 

Figures 4.2 to 4.4 show that the hydrate formation rate increased with increasing system pressure. 

However, a reverse effect on the rate of hydrate formation was observed for the system temperature. 

This is due to a decreased degree of subcooling of hydrate. Thus, the formation rate decreases 

accordingly. Moreover, the best results were obtained at a higher degree of subcooling for juice systems 

with added water than pure juice. This observed behaviour could be due to an increased surface tension 

of water caused by increased CO2 solubility in water. This was observed in all investigated juice 

systems. Notably, the change in experimental conditions indicated is indistinguishable in all appended 

Figures.  
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�7�K�H���D�P�R�X�Q�W���R�I���J�D�V���F�R�Q�V�X�P�S�W�L�R�Q���D�Q�G���U�D�W�H���R�I���J�D�V���X�S�W�D�N�H���Z�L�W�K���G�L�I�I�H�U�H�Q�W���Z�D�W�H�U���F�X�W 

The gas consumption rate for each investigated system was experimentally determined as a kinetic 

parameter for hydrate formation. This kinetic parameter was used to study the hydrate growth process 

using a kinetic model proposed by Englezos et al. (1987). The effect of initial pressure conditions at 

different concentrations of investigated juices on the amount of gas consumed at constant temperatures 

is shown in Tables 4.3 to 4.5 and plotted in Figures 4.5 to 4.7 and D.16 to D.24, allowing easier 

visualisation.  

 
Figure 4.5: Comparison between the CO2 gas consumption obtained for pure (left) and dilute (right) 

bitter melon juice system at targeted temperatures and varying pressures. Colour coding denotes the 

target temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 
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Figure 4.6: Comparison between the CO2 gas consumption obtained for pure and dilute (right) 

pineapple juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

 
 
Figure 4.7: Comparison between the CO2 gas consumption obtained for pure (left) and dilute (right) 

grape juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

As it can be seen in these Figures, the CO2 consumption rate increased with the initial pressure at a 

constant temperature in all three systems. At an increased initial pressure, the metastable state is broken 
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in which CO2 gas is consumed rapidly, leading to a fast decrease of pressure until an equilibrium state 

is reached. 

 

Moreover, this tabulated data demonstrated that the enormous gas consumption was obtained at higher 

subcooling while the lowest was obtained at lower subcooling. On the other hand, raising the system 

temperature from 274.15 to 276.15 K, which correlate with a reduction in subcooling, resulted in a 

slight increase in hydrate nucleation time and the lowest gas consumption rate. This indicates the strong 

influence of system temperature, suggesting that higher temperatures (e.g.: 276.15 K) may not be used 

without losing efficiency. At this temperature, for practical application, it was observed that the CO2 

gas consumption rates are enhanced when higher pressure values are used. Therefore, due to the high-

pressure requirements needed from the compressor, this may represent energy loss for the proposed 

hydrate-based process for juice concentration. Thermodynamically, this temperature effect may be 

attributed to the solubility of CO2 in water, which is an important parameter. It is reported in the 

literature that the solubility of CO2 increases with a decrease in system temperature. These results were 

expected since the set temperature is low, resulting in higher solubility of CO2 and, theoretically, a 

higher crystal growth rate. 

 

Conversely, clathrate hydrate was formed very fast at higher initial conditions. As a result, a small 

amount (approximately equal to zero) of CO2 gas was consumed during the hydrate formation process. 

At this moment, when the driving force is null, the system is near equilibrium, no further gas is 

consumed (constant pressure and temperature), and the clathrate hydrate formation process is 

considered complete. This observed behaviour may be attributed to various aspects, including the 

driving force and higher vapour-hydrate interface area. The equilibrium pressure is small at a high 

driving force (i.e., initial pressure or degree of subcooling). At the higher vapour-hydrate interface, most 

CO2 is transferred directly into the hydrate phase while minimising CO2 gas dissolving in the liquid 

phase, reducing the gas path to cages. 

 

�(�[�S�H�U�L�P�H�Q�W�V���U�H�Y�H�D�O�H�G���W�K�D�W���S�X�U�H���M�X�L�F�H�¶�V���S�U�H�V�H�Q�F�H���L�Q���D�O�O���V�\�V�W�H�P�V���S�U�H�V�H�Q�W�H�G���W�K�H���O�R�Z�H�V�W���&�22 consumption 

while those with added water showed the highest consumption due to the increased amount of free water 

that makes hydrate cages. For the pure juice system, it was observed that the supersaturation degree was 

small. As a result, the moles of CO2 consumed are reduced due to less encapsulating CO2 molecules 

into hydrate cavities. This hypothesis may be related to the relatively high induction time presented by 

these inhibiting effects in the experiments. In terms of gas consumption rate efficiency for CO2, this 

indicates that CO2 + bitter melon system could be more appropriate for this proposed hydrate-based 

process for juice concentration. The second best and lowest results were obtained for CO2 + pineapple 

system and the CO2 + grape system. 
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However, juice systems that presented the small values of CO2 gas consumption indicate strong 

inhibiting effects preventing the CO2 gas from occupying the cages in the hydrate structure. This study 

claimed that the observed reduction in the number of moles of carbon dioxide gas consumed is due to 

hydrophilic properties exhibited by juice residuals, meaning that they interact with water molecules via 

hydrogen bonds. These interactions distort the continuity of water clusters. Therefore, as the number of 

residuals increases, this increases the number of bonds with water, which reduces the amount of free 

water that makes hydrate cages leading to reduced gas consumption. As reported in the literature, an 

increase in water cut is expected to increase the contact area between water and gas. According to 

Figures 4.5 to 4.7 and D.16 to D.24, gas consumption increases with water cuts. 

 

Conversely, there is no observed remarkable increase with the increase in water addition. It can be seen 

that at higher water cut of juice, higher initial conditions are required for CO2 hydrate formation. The 

increase in residual contents resulted in lower CO2 consumption, indicating an inhibitory effect of 

residual in investigated juices. As the author varied the juice water cut, it could be concluded that the 

residual contents, which seem to confirm the hypothesis of juice residuals in inhibiting the hydrate 

formation, played a crucial role.  

 

�7�K�H���F�R�Q�Y�H�U�V�L�R�Q���R�I���Z�D�W�H�U���W�R���K�\�G�U�D�W�H���D�W���G�L�I�I�H�U�H�Q�W���M�X�L�F�H���Z�D�W�H�U���F�X�W�V 

The effect of varying different initial conditions on the water conversion into hydrate was investigated. 

Water-to-hydrate conversion as a suitable kinetic parameter was used and is calculated based on the 

kinetic model proposed by Englezos et al. (1987). This kinetic constant is an important parameter 

affecting the removal efficiency and water recovery. It is important to consider the water because a 

significant amount of water may remain available at the end of a hydrate formation experiment. This 

may hinder the commercialisation due to increased energy requirements where multiple crystallisers 

may be required to convert most water to hydrate from the juice. In Tables 4.3 to 4.5, the percentages 

of water-to-hydrate conversion values for studied systems are reported, and Figures 4.8 to 4.10 compare 

these data.  
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Figure 4.8: Comparison between the water-to-hydrate conversion obtained for pure (left) and dilute 

(right) bitter melon juice system at targeted temperatures and varying pressures. Colour coding denotes 

the target temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

 
Figure 4.9: Comparison between the water-to-hydrate conversion obtained for pure (left) and dilute 

(right) pineapple juice system at targeted temperatures and varying pressures. Colour coding denotes 

the target temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 
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Figure 4.10: Comparison the water-to-hydrate conversion obtained for pure (left) and dilute (right) 

grape juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

The percentage conversion of water to hydrate was calculated assuming a hydration number of 6.0 for 

all studied systems. These obtained results demonstrate that the final amount of water converted to 

hydrate increased as the initial pressure was increased. As shown in Tables 4.3 to 4.5, a similar trend 

was obtained when decreasing the initial temperature. This indicates that initial pressure and 

temperature significantly affect water conversion to hydrate. It is expected that an increase and decrease 

in initial pressure and temperature enables more water to be converted into hydrates. This is due to an 

increased subcooling temperature. As with the gas consumption results, the highest conversion of water 

to hydrate was found in CO2 + pineapple system, and the lowest was found in CO2 + grape system. An 

increase in juice residuals decreases the water-to-hydrate conversion in all different initial conditions 

for studied systems. 

 

Meanwhile, the addition of water shows a slight increase in the values of water-to-hydrate conversion. 

There were several small temperature spikes observed due to hydrate formation. This resulted in 

increased gas consumption and subsequently led to a higher percentage of water converted to hydrate. 

The same trend was observed in all other hydrate formation experiments. 

 

�7�K�H���D�S�S�D�U�H�Q�W���U�D�W�H���F�R�Q�V�W�D�Q�W���D�W���G�L�I�I�H�U�H�Q�W���Z�D�W�H�U���F�X�W 

It was necessary to compare the nucleate growth rates of hydrate at different experimental conditions. 

The apparent rate constant (Kapp) as a suitable kinetic parameter for comparison was used and 
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determined based on the kinetic model proposed by Englezos et al. (1987). The calculated apparent rate 

constants under different hydrate conditions were summarised and listed in Tables 4.3 to 4.5 and shown 

in Figures 4.11 to 4.13�����$�V���G�H�V�F�U�L�E�H�G���L�Q���W�K�H���S�U�H�Y�L�R�X�V���V�H�F�W�L�R�Q�����G�L�V�V�R�O�Y�H�G���V�R�O�L�G�V�¶���F�R�P�E�L�Q�H�G���H�I�I�H�F�W�V���U�H�G�X�F�H��

mass transfer and gas consumption rate. As a result, it is expected that mass and heat transfer rates start 

to decrease during the hydrate growth stage, which leads to a decrease in the hydrate growth rate. It was 

observed that at the beginning of the hydrate growth stage, the driving force is maximal, and there are 

high numbers of stable nuclei due to the presence of dissolved solids presence of many stable hydrate 

nuclei. Thus, the apparent rate constant at the beginning of hydrate growth increases and decreases with 

�Q�X�F�O�H�L�¶�� �J�U�R�Z�W�K���� �7�K�L�V�� �F�D�Q�� �E�H�� �D�W�W�U�L�E�X�W�H�G�� �W�R�� �W�K�H�� �H�[�R�W�K�H�U�P�L�F�� �Q�D�W�X�U�H�� �R�I�� �K�\�G�U�D�W�H�� �F�U�\�V�W�D�O�� �J�U�R�Z�W�K�� �D�Q�G�� �W�K�H��

reduction of a driving force.    

 
Figure 4.11: Comparison between the storage capacity obtained for pure (left) and dilute (right) bitter 

melon juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 
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Figure 4.12: Comparison between the apparent rate constant obtained for the pure (left) and dilute 

(right) pineapple juice system at targeted temperatures and varying pressures. Colour coding denotes 

the target temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

 
Figure 4.13: Comparison the apparent rate constant obtained for pure (left) and dilute (right) grape 

juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

As can be seen, the apparent rate constant increases with the increase in initial conditions (i.e., 

subcooling). The results indicated that the apparent rate constant increases with decreasing system 

temperature. This observed behaviour indicates that the system temperature significantly affects this 

0

5

10

15

20

25

3,9 3,8 3,2 4,1 3,8 3,5 4,1 3,7 3,4

K
ap

p 
10

-9
(m

ol
e 

G
/m

ol
e 

H 2
O

 .m
in

.P
a

Pressure (MPa)

Pineapple (91.1 wt.%)

0

5

10

15

20

25

3,7 3,6 3,2 3,6 3,4 3 3,9 3,8 3,1

K
ap

p 
10

-9
(m

ol
e 

G
/m

ol
e 

H 2
O

 .m
in

.P
a

Pressure (MPa)

Pineapple (93.3 wt.%)

0

5

10

15

20

25

3,7 3,7 3,3 3,6 3 3,9 3,6 3,1

K
ap

p 
10

-9
(m

ol
e 

G
/m

ol
e 

H
2O

 .m
in

.P
a)

Pressure (MPa)

Grape (88.5 wt.%)

0

5

10

15

20

25

3,6 3,5 3,5 3,1 3,7 3,5 3,4 3,0

K
ap

p 
10

-9
(m

ol
e 

G
/m

ol
e 

H 2
O

 .m
in

.P
a)

Pressure (MPa)

Grape (91.4 wt.%)



 
 

102 
 

kinetic parameter. Moreov�H�U�����W�K�L�V���G�H�P�R�Q�V�W�U�D�W�H�V���W�K�D�W���E�H�W�W�H�U���K�H�D�W���W�U�D�Q�V�I�H�U���E�H�Q�H�I�L�W�V���W�K�H���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q�¶�V��

apparent rate constant under well-mixed conditions. As can be seen, the increase in juice residuals leads 

to a decrease in the apparent rate constant of CO2 hydrate growth considerably. This can be attributed 

to more stable nuclei at the beginning of the hydrate growth stage due to more dissolved solids. Residual 

solids prohibited hydrate growth, resulting in reduced the apparent rate constant. They are responsible 

for enhancing the mass transfer by increasing the interfacial tension between the liquid and hydrate 

phases. The highest apparent rate constant was detected for bitter melon juice at different initial 

conditions.  

 

�6�W�R�U�D�J�H���F�D�S�D�F�L�W�\���D�W���G�L�I�I�H�U�H�Q�W���Z�D�W�H�U���F�X�W�V 

The storage capacity at different conditions is listed in Tables 4.3 to 4.5 and plotted in Figures 4.14 to 

4.16 and C.25 to C.33, allowing easier visualisation.  

 
Figure 4.14: Comparison between the storage capacity obtained for pure (left) and dilute (right) bitter 

juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 
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Figure 4.15: Comparison the storage capacity obtained for pure (left) and dilute (right) pineapple juice 

system at targeted temperatures and varying pressures. Colour coding denotes the target temperatures, 

274.15 K (black), 275.15 K (blue), and 276.15 K (red). 

 

 
Figure 4.16: Comparison between the storage capacity obtained for pure (left) and dilute (right) grape 

juice system at targeted temperatures and varying pressures. Colour coding denotes the target 

temperatures, 274.15 K (black), 275.15 K (blue), and 276.15 K (red). 
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276.15 K. The behaviour shown by these initial conditions signifies that the volume of the stored gas 

in the hydrate lattice increases with an increase of subcooling, increasing storage capacity. 

 

������������ �&�R�P�S�D�U�L�V�R�Q���R�Q���N�D�S�S 

In an attempt to concentrate juice systems using CO2 hydrate, Li, Shen, Liu, Fan and Tan, (2015) and 

Li, Shen, Liu, Fan, Tan, et al. (2015) examined the apparent rate constant. In order to validate results 

obtained with new systems, kapp data were compared with literature data derived from kinetic modelling. 

A comparison of kapp data obtained in this study with those measured in literature (Li, Shen, Liu, Fan 

and Tan, 2015; Li, Shen, Liu, Fan, Tan, et al., 2015) is presented in Table 4.6. In addition, Figure 4.17 

illustrates the visual appearance of the same data for CO2-based gas hydrate former in different juice 

systems at T = 275.15 K and varying initial pressures.  

 

Table 4.6: Compares the apparent rate constants derived in this study with the literature in different 

juice systems at T = 275.15 K and varying initial pressures. 

CO2 + Bitter melona  CO2 + Pineapplea  CO2 + Grapea 

bWC 
(wt.%) 

P 
(MPa) 

Kapp×109  
 

bWC 
(wt.%) 

P 
(MPa) 

Kapp×109  
 

bWC 
(wt.%) 

P 
(MPa) 

Kapp×109  

96.5 3.1131 17.7  91.1 3.5764 17.8  88.5 2.969 12.6 

 3.5063 20.1   3.8021 19.0   3.5651 16.3 

  4.0739 23.6   4.1672 20.9   3.6282 16.7 

97.4 2.8968 17.4  93.3 2.9725 15.2   3.8767 18.3 

 3.3897 20.5   3.4297 17.7   3.9391 18.7 

 3.908 23.9   3.6157 18.7  91.4 3.0795 14.7 

         3.4774 17.4 

         3.5146 17.7 

         3.5451 18.0 

           

CO2 + Orangec  CO2 + Tomatod     
bWC 

(wt.%) 
P 

(MPa) 
Kapp×109 

  

bWC 
(wt.%) 

P 
(MPa) 

Kapp×109 
     

87.7 1.96 6.70  94.4 1.81 9.40     

 2.7 9.70   2.4 13.6     

 3.2 13.4   3.1 16.5     

 3.72 16.2   3.46 18.2     

 4.1 19.1   3.95 20.1     

           

           
a This study 

b Water content 

c Literature; (Li, Shen, Liu, Fan and Tan, 2015) 

d Literature; (Li, Shen, Liu, Fan, Tan, et al., 2015) 
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Figure 4.17: Comparison between the apparent rate constant modelled in this study with literature 

regarding equilibrium pressure and water cut in different juice systems at T = 275.15 K and varying 

initial pressures. 

 

As seen in Figure 4.17, a comparison of the trends as expected reveals that higher water cuts lead to the 

highest apparent rate constant of hydrate growth. It is evident from the observed behaviour that one or 

more compound/s from dissolved solids plays the most critical role in influencing inhibitory effects. 

Due to agitation, increased thermal conductivity, higher concentrations, and reduced heat and mass 

transfer resistance may better explain these observed behaviours (Uchida et al., 2002; Tajima et al., 

2005; Yang et al., 2011). Moreover, the trends for systems investigated in this study are similar to those 

reported in the literature (Li, Shen, Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Tan, et al., 2015). The 

result of high concentrations causes the nuclei to form unstable hydrates at the end of nucleation, and 

at the beginning of the hydrate growth stage, fewer hydrates can be formed with faster growth rates. In 

this context, it may be due to fewer nucleation sites, whereas the dissolved solids delay the hydrate 

formation process.  
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�������� �&�R�Q�F�O�X�V�L�R�Q�� 

In this work, the experimental kinetic data of CO2 hydrate formation in the presence of bitter melon, 

grape and pineapple juice were studied to assess the effect of initial conditions on kinetic parameters. 

The change of initial conditions produced similar effects in all investigated systems. In the light of 

experimental data obtained in this study, the nature as well as the composition of constituents and initial 

conditions (i.e. pressure, temperature, water cut) emerged as the major factors determining the induction 

time associated with hydrate formation. Short induction times corresponded to increased subcooling 

which initiated CO2 hydrate formation within the metastable region of CO2 hydrates. At the higher 

initial pressures and lower temperatures, the reduction in the onset time of diluted juices systems was 

much more rapid than that of pure juice.  

 

The overall CO2 hydrate growth time was increased with increasing juice residuals. It was found that 

water cut improved the energy required to form CO2 gas hydrates. The hydrates formed rapidly at a 

higher initial condition at all water cuts. As the inhibition effects of investigated systems were 

weakened, it was observed that CO2 hydrate formed faster even at higher temperatures. The initial 

conditions had a significant effect on the kinetic parameters. The amount of CO2 consumed in the 

hydrate phase and the growth rate increase with pressure and decrease after reaching a maximum.  

 

From results reported in this study, it can be concluded that a multistage hydrate formation might be 

used to commercialise the hydrate-based technology for juice concentration. Processing juice with low 

initial concentration will lead to a more energy efficient and economic concentration process by gas 

hydrate formation. The nucleation phenomenon of the hydrate phase and its stochastic nature is often 

cited as a drawback for the industrial application of the hydrate-based process. As each new 

crystallisation step occurs, the liquid phase will need to be recycled so that the memory effect might 

solve this problem.  
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�	���(�Q�J�L�Q�H�H�U�L�Q�J���'�D�W�D�������������������S�S�������������±�������������G�R�L���������������������M�H�������������T�� 

�8�F�K�L�G�D�����7�������,�N�H�G�D�����,�����<�������7�D�N�H�\�D�����6�������(�E�L�Q�X�P�D�����7�������1�D�J�D�R�����-�����D�Q�G���1�D�U�L�W�D�����+�������������������µ�&�2�����K�\�G�U�D�W�H���I�L�O�P��

�I�R�U�P�D�W�L�R�Q���D�W���W�K�H���E�R�X�Q�G�D�U�\���E�H�W�Z�H�H�Q���&�2�����D�Q�G���Z�D�W�H�U�����H�I�I�H�F�W�V���R�I���W�H�P�S�H�U�D�W�X�U�H�����S�U�H�V�V�X�U�H���D�Q�G���D�G�G�L�W�L�Y�H�V���R�Q��

�W�K�H���I�R�U�P�D�W�L�R�Q�� �U�D�W�H�¶�����-�R�X�U�Q�D�O�� �R�I�� �&�U�\�V�W�D�O�� �*�U�R�Z�W�K���� �1�R�U�W�K���+�R�O�O�D�Q�G���� �������±���������������� �,������ �S�S���� �������±���������� �G�R�L����

�����������������6���������������������������������������;�� 

�:�L�O�E�H�U�I�R�U�F�H���� �7������ �2�O�D�E�L�����$���� �*������ �6�D�\�H�G���� �(���� �7������ �(�O�V�D�L�G���� �.���� �D�Q�G���$�E�G�H�O�N�D�U�H�H�P���� �0�����$���� �������������� �µ�3�U�R�J�U�H�V�V�� �L�Q��

�F�D�U�E�R�Q�� �F�D�S�W�X�U�H�� �W�H�F�K�Q�R�O�R�J�L�H�V�¶�����6�F�L�H�Q�F�H�� �R�I�� �W�K�H�� �7�R�W�D�O�� �(�Q�Y�L�U�R�Q�P�H�Q�W���� �(�O�V�H�Y�L�H�U���� ���������� �S���� ���������������� �G�R�L����

�����������������M���V�F�L�W�R�W�H�Q�Y�������������������������� 

�<�D�Q�J�����'�������/�H�����/�����$�������0�D�U�W�L�Q�H�]�����5�����-�������&�X�U�U�L�H�U�����5�����3�����D�Q�G���6�S�H�Q�F�H�U�����'�����)�������������������µ�.�L�Q�H�W�L�F�V���R�I���&�2�����K�\�G�U�D�W�H��

�I�R�U�P�D�W�L�R�Q���L�Q���D���F�R�Q�W�L�Q�X�R�X�V���I�O�R�Z���U�H�D�F�W�R�U�¶�����&�K�H�P�L�F�D�O���(�Q�J�L�Q�H�H�U�L�Q�J���-�R�X�U�Q�D�O�����(�O�V�H�Y�L�H�U���������������������S�S�����������±����������

�G�R�L���������������������-���&�(�-�������������������������� 

�<�H�����<�����D�Q�G���.�R�F�K�����6�����)�������������������µ�0�H�D�V�X�U�L�Q�J���H�Q�H�U�J�\���S�R�Y�H�U�W�\���L�Q���6�R�X�W�K���$�I�U�L�F�D���E�D�V�H�G���R�Q���K�R�X�V�H�K�R�O�G���U�H�T�X�L�U�H�G��

�H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�¶�����(�Q�H�U�J�\�� �(�F�R�Q�R�P�L�F�V���� �1�R�U�W�K���+�R�O�O�D�Q�G���� ���������� �S���� ���������������� �G�R�L����
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�����������������M���H�Q�H�F�R�������������������������� 

�=�K�D�Q�J�����-�����6�������/�H�H�����6�����D�Q�G���/�H�H�����-�����:�������������������µ�.�L�Q�H�W�L�F�V���R�I���0�H�W�K�D�Q�H���+�\�G�U�D�W�H���)�R�U�P�D�W�L�R�Q���I�U�R�P���6�'�6���6�R�O�X�W�L�R�Q�¶����

�,�Q�G�X�V�W�U�L�D�O���D�Q�G���(�Q�J�L�Q�H�H�U�L�Q�J���&�K�H�P�L�V�W�U�\���5�H�V�H�D�U�F�K�������$�P�H�U�L�F�D�Q���&�K�H�P�L�F�D�O���6�R�F�L�H�W�\�����������������������S�S�������������±������������

�G�R�L���������������������,�(�������������5�� 
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CHAPTER 5 (BASED ON PAPER 4) 

EMPIRICAL MODELLING, OPTIMISATION AND DESIGN OF GAS -HYDRATE -

BASED FRUIT CONCENTRATION PLANT  

OPTIMISATION AND CONCEPTUAL DESIGN OF CARBON DIOXIDE HYDRATE-

BASED JUICE CONCENTRATING PROCESS�‚�� 

�‚�&�R�Q�W�H�Q�W���V�X�E�P�L�W�W�H�G���I�R�U���S�H�H�U���U�H�Y�L�H�Z���W�R���W�K�H���M�R�X�U�Q�D�O���R�I���I�R�R�G���H�Q�J�L�Q�H�H�U�L�Q�J�� 

�$�E�V�W�U�D�F�W�� 

�&�D�U�E�R�Q�� �G�L�R�[�L�G�H�� �K�\�G�U�D�W�H���E�D�V�H�G�� �W�H�F�K�Q�R�O�R�J�\�� �L�V�� �J�D�L�Q�L�Q�J�� �S�R�S�X�O�D�U�L�W�\�� �L�Q�� �W�K�H�� �I�R�R�G�� �L�Q�G�X�V�W�U�\�� �D�V�� �D�� �S�R�W�H�Q�W�L�D�O��

�D�O�W�H�U�Q�D�W�L�Y�H���F�R�O�G���V�W�R�U�D�J�H���H�Q�H�U�J�\���V�R�X�U�F�H���L�Q���W�K�H���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V�����+�R�Z�H�Y�H�U�����W�K�L�V���W�H�F�K�Q�R�O�R�J�\���K�D�V��

�Q�R�W�� �E�H�H�Q�� �F�R�P�P�H�U�F�L�D�O�L�V�H�G�� �G�X�H�� �W�R�� �V�O�R�Z�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� ���L�Q�K�L�E�L�W�R�U�\�� �H�I�I�H�F�W������ �K�L�J�K�H�U�� �F�R�P�S�U�H�V�V�L�R�Q�� �D�Q�G��

�U�H�I�U�L�J�H�U�D�W�L�R�Q���� �Z�K�L�F�K�� �F�R�P�H�V�� �Z�L�W�K�� �H�Q�H�U�J�\�� �F�R�V�W�V���� �7�K�H�U�H�I�R�U�H���� �W�K�L�V�� �V�W�X�G�\�� �H�[�S�O�R�U�H�G�� �D�Q�G�� �R�S�W�L�P�L�V�H�G�� �K�\�G�U�D�W�H��

�G�L�V�V�R�F�L�D�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���D�Q�G���N�L�Q�H�W�L�F�V���G�D�W�D���I�U�R�P���W�K�U�H�H�����������G�L�I�I�H�U�H�Q�W���M�X�L�F�H���V�\�V�W�H�P�V���W�R���I�R�U�P���F�D�U�E�R�Q���G�L�R�[�L�G�H��

�K�\�G�U�D�W�H�V�����8�V�L�Q�J���D���K�L�V�W�R�U�L�F�D�O���G�D�W�D���G�H�V�L�J�Q���R�I���U�H�V�S�R�Q�V�H���V�X�U�I�D�F�H���P�H�W�K�R�G�R�O�R�J�\�����5�6�0�����Z�L�W�K���V�X�U�U�R�J�D�W�H���P�R�G�H�O�V����

�R�S�W�L�P�D�O�� �F�R�Q�G�L�W�L�R�Q�V�� �D�Q�G�� �N�L�Q�H�W�L�F�V�� �S�D�U�D�P�H�W�H�U�V�� �Z�H�U�H�� �G�H�W�H�U�P�L�Q�H�G�� �I�R�U�� �W�K�H�� �K�\�G�U�D�W�H�� �G�L�V�V�R�F�L�D�W�L�R�Q�V�� �R�I�� �E�L�W�W�H�U��

�P�H�O�R�Q�����J�U�D�S�H���D�Q�G���S�L�Q�H�D�S�S�O�H���M�X�L�F�H�V�����7�K�H���5�6�0���L�Q�S�X�W���Y�D�U�L�D�E�O�H�V���L�Q�F�O�X�G�H���W�K�H���V�\�V�W�H�P���W�H�P�S�H�U�D�W�X�U�H���7��� ������������������

�W�R�������������������.�����M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����&�R�Q�F�����������������W�R���������������Z�W���������D�Q�G���S�U�H�V�V�X�U�H�����3��� �������������W�R�������������0�3�D���Z�H�U�H��

�L�Q�Y�H�V�W�L�J�D�W�H�G�� �R�Q�� �W�K�H�� �U�H�V�S�R�Q�V�H�V�� �R�I�� �G�H�K�\�G�U�D�W�L�R�Q�� �U�D�W�L�R�� ���'�+�5���� �D�Q�G�� �D�S�S�D�U�H�Q�W�� �N�L�Q�H�W�L�F�� �U�D�W�H�� �F�R�Q�V�W�D�Q�W�� ���.�D�S�S������

�5�H�V�X�O�W�V���R�E�W�D�L�Q�H�G���I�U�R�P���W�K�H���5�6�0���D�Q�D�O�\�V�L�V���R�I���Y�D�U�L�D�Q�F�H�����$�1�2�9�$�����V�K�R�Z�H�G���J�R�R�G���F�R�U�U�H�O�D�W�L�R�Q���I�X�Q�F�W�L�R�Q�V�����5����

�!�������������R�I���W�K�H���U�H�V�S�R�Q�V�H�V�����Z�K�H�U�H���W�K�H���W�H�P�S�H�U�D�W�X�U�H���Z�D�V���I�R�X�Q�G���D�V���W�K�H���P�R�V�W���L�Q�I�O�X�H�Q�W�L�D�O���I�D�F�W�R�U�����$�W���W�K�H���R�S�W�L�P�D�O��

�W�H�P�S�H�U�D�W�X�U�H���R�I���������.���D�Q�G���S�U�H�V�V�X�U�H���R�I�������0�3�D�����G�H�V�L�U�D�E�L�O�L�W�\���H�I�I�L�F�L�H�Q�F�\���R�I�����������E�L�W�W�H�U���P�H�O�R�Q�������������J�U�D�S�H���D�Q�G��

���������S�L�Q�H�D�S�S�O�H���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���Z�H�U�H���D�F�K�L�H�Y�H�G�����7�K�L�V���L�Q�I�H�U�V���'�+�5���R�I�����������E�L�W�W�H�U���P�H�O�R�Q�����������J�U�D�S�H���D�Q�G��

�������S�L�Q�H�D�E�O�H�� �M�X�L�F�H�� �V�\�V�W�H�P�V�� �D�W�� �.�D�S�S���R�I���������� ������ �D�Q�G�� ������ �P�R�O�H�� �*���P�R�O�H���Z�D�W�H�U���P�L�Q�V���3�D�� �U�H�V�S�H�F�W�L�Y�H�O�\���� �7�K�H��

�H�Q�H�U�J�\���U�H�T�X�L�U�H�G���E�\���H�D�F�K���I�U�X�L�W���M�X�L�F�H���F�R�Q�Y�H�U�V�L�R�Q���L�Q�W�R���D���S�U�R�S�R�V�H�G���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���S�U�R�F�H�V�V���Z�D�V���H�V�W�L�P�D�W�H�G����

�)�X�U�W�K�H�U�P�R�U�H���� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�H�G�� �M�X�L�F�H�� �V�\�V�W�H�P�V�¶�� �H�F�R�Q�R�P�L�F�� �D�Q�D�O�\�V�L�V�� �D�Q�G�� �F�R�V�W�� �H�V�W�L�P�D�W�L�R�Q�� �D�U�H�� �G�L�V�F�X�V�V�H�G����

�)�L�Q�G�L�Q�J�V���I�U�R�P���W�K�L�V���U�H�V�H�D�U�F�K���F�R�X�O�G���O�H�D�G���W�R���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���D���W�H�F�K�Q�L�F�D�O���V�X�S�S�R�U�W���W�R�R�O���D�Q�G���D���P�H�W�K�R�G���I�R�U��

�O�R�Q�J���W�H�U�P���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�G�X�F�W�L�R�Q���D�Q�D�O�\�V�L�V���D�Q�G���S�U�R�F�H�V�V���G�H�V�L�J�Q�� 

 

�������� �,�Q�W�U�R�G�X�F�W�L�R�Q�� 

�7�K�H���P�D�L�Q���L�Q�G�X�V�W�U�L�D�O���L�Q�W�H�U�H�V�W���L�Q���K�\�G�U�D�W�H�V���L�V���S�U�H�Y�H�Q�W�L�Q�J���W�K�H�L�U���I�R�U�P�D�W�L�R�Q���D�Q�G���V�X�E�V�H�T�X�H�Q�W���S�O�X�J�J�L�Q�J���R�I���J�D�V��

�W�U�D�Q�V�P�L�V�V�L�R�Q���O�L�Q�H�V�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G�����V�R�P�H���Q�H�Z���L�Q�G�X�V�W�U�L�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���R�I���J�D�V���K�\�G�U�D�W�H�V���D�U�H���D�V���I�R�O�O�R�Z�V����

�V�X�E�V�W�D�Q�W�L�D�O�� �Q�D�W�X�U�D�O�� �J�D�V�� �G�H�S�R�V�L�W�V�� �L�Q�� �K�\�G�U�D�W�H�V�� �D�U�H�� �Q�R�Z�� �N�Q�R�Z�Q�� �L�Q�� �P�D�U�L�Q�H�� �V�H�G�L�P�H�Q�W�V�� �Z�R�U�O�G�Z�L�G�H�� �D�Q�G�� �R�L�O��

�G�H�S�R�V�L�W�V�� �L�Q�� �S�H�U�P�D�I�U�R�V�W�� �U�H�J�L�R�Q�V���� �7�K�H�V�H�� �D�U�H�� �W�K�H�� �Q�H�Z�� �Q�D�W�X�U�D�O�� �J�D�V�� �D�Q�G�� �I�X�W�X�U�H�� �H�Q�H�U�J�\�� �V�R�X�U�F�H�V���� �7�K�H��
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�W�U�D�Q�V�S�R�U�W�D�W�L�R�Q���R�I���W�K�H�V�H���G�H�S�R�V�L�W�V���I�U�R�P���W�K�H���R�F�H�D�Q���I�O�R�R�U���D�Q�G���Q�D�W�X�U�D�O���J�D�V���S�U�R�G�X�F�W�L�R�Q���D�U�H���W�Z�R���Q�H�Z���D�U�H�D�V���R�I��

�V�W�X�G�\���I�R�U���U�H�V�H�D�U�F�K�H�U�V�����+�R�Z�H�Y�H�U�����W�K�H���F�D�U�E�R�Q���G�L�R�[�L�G�H���U�H�O�H�D�V�H�G���I�U�R�P���F�D�U�E�R�Q���H�P�L�V�V�L�R�Q�V���L�V���D�O�V�R���D���U�H�Q�H�Z�D�E�O�H��

�H�Q�H�U�J�\���U�H�V�R�X�U�F�H�����D�Q�G���W�K�H�U�H���L�V���D�Q���D�E�X�Q�G�D�Q�F�H���R�I���L�W�����'�L�V�V�R�F�L�D�W�L�Q�J���W�K�H���I�R�U�P�D�W�L�R�Q���R�I���W�K�H���K�\�G�U�D�W�H���L�Q���W�K�H���K�\�G�U�D�W�H��

�U�H�D�F�W�R�U���D�O�O�R�Z�V���W�K�H���F�D�S�W�X�U�H�G���F�D�U�E�R�Q���G�L�R�[�L�G�H���J�D�V���W�R���E�H���U�H�O�H�D�V�H�G���D�Q�G���V�W�R�U�H�G���D�V���F�R�O�G���W�K�H�U�P�D�O���H�Q�H�U�J�\�����2�Q�H��

�W�H�F�K�Q�R�O�R�J�\���W�R���K�D�U�Q�H�V�V���F�R�O�G���W�K�H�U�P�D�O���H�Q�H�U�J�\���D�Q�G���S�U�H�V�H�U�Y�H���E�L�R�D�F�W�L�Y�H���F�R�Q�W�H�Q�W���L�V���W�K�H���F�O�D�W�K�U�D�W�H���K�\�G�U�D�W�H���E�D�V�H�G��

�M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V��(Huang et al., 1966; Ngan and Englezos, 1996; Chun and Lee, 1999; Li, 

Shen, Liu, Fan and Tan, 2015; Li, Shen, Liu, Fan, Tan, et al., 2015; Smith et al., 2016; Safari and 

Varaminian, 2019; Seidl et al., 2019; Claßen et al., 2020; Ghiasi et al., 2020; Doubra et al., 2021). 
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�F�R�Q�G�L�W�L�R�Q�V���D�Q�G���N�L�Q�H�W�L�F�V���I�R�U���M�X�L�F�H���V�\�V�W�H�P�V�����7�K�H���5�6�0���P�H�W�K�R�G���I�R�U���P�R�G�H�O�O�L�Q�J���D�Q�G���R�S�W�L�P�L�V�D�W�L�R�Q���Z�D�V���X�W�L�O�L�V�H�G��

�X�V�L�Q�J���'�H�V�L�J�Q���(�[�S�H�U�W���V�R�I�W�Z�D�U�H���W�R���D�F�K�L�H�Y�H���W�K�L�V���J�R�D�O�����7�K�H���V�H�O�H�F�W�H�G���U�H�V�S�R�Q�V�H���Z�D�V���W�D�N�H�Q���L�Q�W�R���D�F�F�R�X�Q�W�����D�V��

�Z�H�O�O���D�V�� �V�H�Y�H�U�D�O���S�D�U�D�P�H�W�H�U�V���� �8�V�L�Q�J�� �K�L�V�W�R�U�L�F�D�O���G�D�W�D�� �D�Q�G���H�[�S�H�U�L�P�H�Q�W�D�O���G�H�V�L�J�Q���I�U�R�P���D�Q�� �H�[�S�H�U�L�P�H�Q�W�D�O���D�Q�G��

�P�D�W�K�H�P�D�W�L�F�D�O���V�W�D�Q�G�S�R�L�Q�W�����W�K�L�V���V�W�X�G�\���D�G�G�U�H�V�V�H�V���W�K�H���M�X�L�F�H���L�Q�G�X�V�W�U�\�¶�V���H�Q�H�U�J�\���F�K�D�O�O�H�Q�J�H���E�\���D�V�V�H�V�V�L�Q�J���K�R�Z���W�R��

�U�H�G�X�F�H���H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���Z�K�L�O�H���P�D�[�L�P�L�V�L�Q�J���Z�D�W�H�U���U�H�P�R�Y�D�O�� 

 

�������� �(�[�S�H�U�L�P�H�Q�W�D�O���V�H�F�W�L�R�Q���� 

�7�K�H���H�[�S�H�U�L�P�H�Q�W�D�O���W�K�H�U�P�R�G�\�Q�D�P�L�F�V���D�Q�G���N�L�Q�H�W�L�F�V���G�D�W�D���U�H�S�R�U�W�H�G���L�Q���S�U�H�Y�L�R�X�V���F�K�D�S�W�H�U�V���Z�H�U�H���R�E�W�D�L�Q�H�G���X�V�L�Q�J��

�D���S�U�H�V�V�X�U�H���V�H�D�U�F�K���P�H�W�K�R�G���Z�D�V���X�V�H�G���� 

 

5.2.1. Design of experiments  

�(�[�S�H�U�L�P�H�Q�W�D�O���G�H�V�L�J�Q���P�H�W�K�R�G�V���D�O�O�R�Z���I�R�U���R�S�W�L�P�L�V�L�Q�J���S�K�D�V�H���H�T�X�L�O�L�E�U�L�D���D�Q�G���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���N�L�Q�H�W�L�F�V���W�R��

�P�L�Q�L�P�L�V�L�Q�J���W�K�H�� �Q�X�P�E�H�U���R�I���H�[�S�H�U�L�P�H�Q�W�V�� �D�Q�G���W�K�H���Q�X�P�E�H�U���R�I�� �S�K�D�V�H�V�����7�K�L�V�� �V�W�X�G�\���D�L�P�V�� �W�R���E�X�L�O�G���D���F�D�X�V�D�O��
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�U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���D���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�����\�����D�Q�G���D���V�H�W���R�I���H�[�S�O�D�Q�D�W�R�U�\���Y�D�U�L�D�E�O�H�V�����[�L�������7�K�H���H�[�S�H�U�L�P�H�Q�W�D�O��

�G�D�W�D�� �X�V�H�G�� �L�Q���W�K�L�V�� �F�K�D�S�W�H�U�� �Z�H�U�H�� �R�E�W�D�L�Q�H�G�� �X�V�L�Q�J�� �V�L�P�L�O�D�U���H�[�S�H�U�L�P�H�Q�W�D�O�� �S�U�R�F�H�G�X�U�H�V�� �W�R�� �W�K�R�V�H�� �G�H�V�F�U�L�E�H�G�� �L�Q��

�S�U�H�Y�L�R�X�V�� �F�K�D�S�W�H�U�V�����$�O�O�� �H�[�S�H�U�L�P�H�Q�W�V�� �Z�H�U�H�� �F�D�U�U�L�H�G�� �R�X�W�� �D�W�� �U�D�Q�G�R�P���� �D�Q�G�� �W�K�H�� �G�D�W�D�� �Z�D�V�� �D�Q�D�O�\�V�H�G�� �Z�L�W�K�� �W�K�H��

�'�H�V�L�J�Q���(�[�S�H�U�W���V�R�I�W�Z�D�U�H�� ���Y�H�U�V�L�R�Q��11.1.2���� �6�W�D�W���(�D�V�H�� �,�Q�F������ �0�L�Q�Q�H�D�S�R�O�L�V���� �0�1���� �8�6�$������ �7�K�H�� �V�R�I�W�Z�D�U�H��

�F�R�U�U�H�O�D�W�H�G���W�K�H���L�Q�W�H�U�D�F�W�L�R�Q�V���E�H�W�Z�H�H�Q���W�K�H���S�U�R�F�H�V�V���Y�D�U�L�D�E�O�H�V���D�Q�G���U�H�V�S�R�Q�V�H�V�����7�K�L�V���H�Q�D�E�O�H�G���W�K�H���S�U�H�G�L�F�W�L�R�Q���R�I��

�U�H�V�S�R�Q�V�H�V�� �R�I�� �W�K�H�� �M�X�L�F�H�� �V�\�V�W�H�P�� �D�Q�G�� �D�S�S�U�R�[�L�P�D�W�L�R�Q�� �R�I�� �L�W�V�� �F�R�H�I�I�L�F�L�H�Q�W�V�� �X�V�L�Q�J���D�� �V�H�F�R�Q�G���R�U�G�H�U�� �T�X�D�G�U�D�W�L�F��

�S�R�O�\�Q�R�P�L�D�O���P�R�G�H�O���� 

                (5.1) 

�Z�K�H�U�H���W�K�H���U�H�V�S�R�Q�V�H���L�V���G�H�Q�R�W�H�G���E�\���\�����D�Q�G������is a regression coefficient for the quadratic parameter �Z�L�W�K��

�³���´���L�Q�G�L�F�D�W�L�Q�J���D���F�R�Q�V�W�D�Q�W���F�R�H�I�I�L�F�L�H�Q�W���D�Q�G���M�����L�M�����D�Q�G���M�M���L�Q�G�L�F�D�W�L�Q�J���O�L�Q�H�D�U�����T�X�D�G�U�D�W�L�F�����D�Q�G���L�Q�W�H�U�D�F�W�L�R�Q���H�I�I�H�F�W�V����

�D���F�R�G�H�G���O�H�Y�H�O���R�I���W�K�H���L�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H���L�V���[�L�����D�Q�G���[�M�����N���L�V���W�K�H���Q�X�P�E�H�U���R�I���L�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�V�����D�Q�G���S��

�L�V���W�K�H���U�D�Q�G�R�P���H�U�U�R�U�� 

 

�7�H�P�S�H�U�D�W�X�U�H�����[���������L�Q�L�W�L�D�O���S�U�H�V�V�X�U�H�����[���������D�Q�G���L�Q�L�W�L�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����[�������Z�H�U�H���W�K�H���S�D�U�D�P�H�W�H�U�V�����L�Q�G�H�S�H�Q�G�H�Q�W��

�Y�D�U�L�D�E�O�H�V���� �X�V�H�G�� �L�Q�� �W�K�L�V�� �V�W�X�G�\���� �7�K�H�� �G�H�S�H�Q�G�H�Q�W�� �I�D�F�W�R�U�� �Z�D�V�� �W�K�H�� �G�H�K�\�G�U�D�W�L�R�Q�� �U�D�W�L�R�� �D�Q�G�� �W�K�H�� �D�S�S�D�U�H�Q�W�� �U�D�W�H��

�F�R�Q�V�W�D�Q�W�� ���\���� ���U�H�V�S�R�Q�V�H������ �7�K�H�� �V�H�O�H�F�W�H�G�� �L�Q�G�H�S�H�Q�G�H�Q�W�� �Y�D�U�L�D�E�O�H�V�� �Z�H�U�H�� �G�L�P�H�Q�V�L�R�Q�O�H�V�V�� �F�R�G�L�I�L�H�G�� �G�D�W�D�� �I�R�U��

�V�W�D�W�L�V�W�L�F�D�O���F�D�O�F�X�O�D�W�L�R�Q�V���D�W���O�R�Z���D�Q�G���K�L�J�K���O�H�Y�H�O�V�����7�K�H���V�H�F�R�Q�G���R�U�G�H�U���S�R�O�\�Q�R�P�L�D�O���T�X�D�G�U�D�W�L�F���H�T�X�D�W�L�R�Q�V�������������W�R��

�����������F�R�G�H�G���I�R�U���L�Q�Y�H�V�W�L�J�D�W�H�G���M�X�L�F�H���V�\�V�W�H�P�V���W�R�R�N���W�K�H���I�R�O�O�R�Z�L�Q�J���I�R�U�P�V���� 

 

Second-order Polynomial quadratic equation coded for grape juice (D). 

        (5.2) 

           (5.3) 

Second-order Polynomial quadratic equation coded for pineapple juice (E). 

            (5.4) 

              (5.5) 

Second-order Polynomial quadratic equation (coded) for bitter melon juice (F) 

             (5.6) 
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                          (5.7) 

�2�S�W�L�P�L�V�L�Q�J�� �J�D�V�� �K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q�� �V�F�K�H�P�H�V�� �Z�L�W�K�� �D�� �S�U�R�G�X�F�W�L�R�Q�� �G�X�U�D�W�L�R�Q�� �X�Q�G�H�U�� �W�D�U�J�H�W�H�G�� �F�R�Q�G�L�W�L�R�Q�V��

�U�H�P�D�L�Q�V�� �F�U�X�F�L�D�O���I�R�U���R�S�W�L�P�L�V�L�Q�J�� �S�U�R�G�X�F�W�L�R�Q���H�I�I�L�F�L�H�Q�F�\�� �D�Q�G���P�L�Q�L�P�L�V�L�Q�J���H�Q�H�U�J�\�� �F�R�Q�V�X�P�S�W�L�R�Q�����$�� �S�U�R�F�H�V�V��

�R�S�W�L�P�L�V�D�W�L�R�Q���D�S�S�U�R�D�F�K���E�D�V�H�G���R�Q���K�\�G�U�D�W�H���E�D�V�H�G���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���D�L�P�V���W�R���P�D�[�L�P�L�V�H���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�D�Q�G���S�U�R�G�X�F�W�L�R�Q���Y�R�O�X�P�H�����6�H�O�H�F�W�H�G���L�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�V���D�U�H���D�O�O���X�V�H�G���D�V���G�H�F�L�V�L�R�Q���Y�D�U�L�D�E�O�H�V���W�R���L�Q�I�O�X�H�Q�F�H��

�F�R�Q�F�H�Q�W�U�D�W�H�G���M�X�L�F�H���S�U�R�G�X�F�W�L�R�Q���Z�K�L�O�H���X�V�L�Q�J���W�K�H���O�H�D�V�W���D�P�R�X�Q�W���R�I���H�Q�H�U�J�\�����:�H���K�D�Y�H���D�O�U�H�D�G�\���G�L�V�F�X�V�V�H�G���I�D�F�W�R�U�V��

�L�Q�I�O�X�H�Q�F�L�Q�J�� �V�W�X�G�L�H�G�� �U�H�V�S�R�Q�V�H�V�� �L�Q�� �W�K�H�� �S�U�H�F�H�G�L�Q�J�� �F�K�D�S�W�H�U���� �W�K�H�� �I�R�F�X�V�� �L�Q�� �W�K�L�V�� �F�K�D�S�W�H�U�� �L�V�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �W�K�H��

�R�S�W�L�P�D�O���R�S�H�U�D�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���X�V�L�Q�J���5�6�0���D�Q�G���D�Q�D�O�\�V�H���W�K�H���R�S�W�L�P�L�V�D�W�L�R�Q���R�I���W�K�H���&�2�����K�\�G�U�D�W�H���E�D�V�H�G���M�X�L�F�H��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V�����,�Q���D�G�G�L�W�L�R�Q���W�R���D�Q�D�O�\�V�L�Q�J���W�K�H���K�\�G�U�D�W�H���E�D�V�H�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V���D�Q�G���L�W�V���H�Q�H�U�J�\��

�U�H�T�X�L�U�H�P�H�Q�W�V�����W�K�H�V�H���R�S�W�L�P�D�O���F�R�Q�G�L�W�L�R�Q�V���Z�H�U�H���X�V�H�G���W�R���G�H�V�L�J�Q���D�Q�G���H�Y�D�O�X�D�W�H���L�W�V���H�F�R�Q�R�P�L�F���I�H�D�V�L�E�L�O�L�W�\�� 

 

�������� �5�H�V�X�O�W�V���D�Q�G���G�L�V�F�X�V�V�L�R�Q�� 

�7�K�H�� �I�R�R�G�� �D�Q�G�� �E�H�Y�H�U�D�J�H�� �L�Q�G�X�V�W�U�L�H�V�¶�� �K�L�J�K�� �F�R�P�S�U�H�V�V�L�R�Q�� �D�Q�G�� �U�H�I�U�L�J�H�U�D�W�L�R�Q�� �U�H�T�X�L�U�H�P�H�Q�W�V�� �Z�D�U�U�D�Q�W�� �U�R�E�X�V�W��

�W�H�F�K�Q�R�O�R�J�\�� �Z�L�W�K�� �V�X�E�V�W�D�Q�W�L�D�O�� �L�Q�Y�H�V�W�P�H�Q�W���� �F�D�U�H�I�X�O�� �S�O�D�Q�Q�L�Q�J���� �G�H�V�L�J�Q���� �D�Q�G�� �F�R�V�W���H�I�I�H�F�W�L�Y�H�� �S�U�R�G�X�F�W�L�R�Q����

�7�K�H�U�H�I�R�U�H���� �W�K�H�� �S�R�W�H�Q�W�L�D�O�� �X�V�H�� �R�I�� �K�\�G�U�D�W�H���E�D�V�H�G�� �W�H�F�K�Q�R�O�R�J�\�� �I�R�U�� �F�D�U�E�R�Q�� �G�L�R�[�L�G�H�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� �W�R��

�F�R�Q�F�H�Q�W�U�D�W�H�� �E�L�W�W�H�U�� �P�H�O�R�Q���� �J�U�D�S�H�� �D�Q�G�� �S�L�Q�H�D�S�S�O�H�� �M�X�L�F�H�� �V�\�V�W�H�P�V�� �Z�D�V�� �H�[�S�O�R�U�H�G���� �7�K�L�V�� �Z�D�V�� �F�D�U�U�L�H�G�� �R�X�W�� �W�R��

�G�H�Y�H�O�R�S���D�Q���H�I�I�H�F�W�L�Y�H���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V���W�K�D�W���L�V���O�H�V�V���H�Q�H�U�J�\���G�U�L�Y�H�Q���W�R���D�X�J�P�H�Q�W���W�K�H���F�K�D�O�O�H�Q�J�H�V���R�I��

�W�K�H���I�R�R�G���D�Q�G���E�H�Y�H�U�D�J�H���L�Q�G�X�V�W�U�L�H�V�����$�O�V�R�����G�X�H���W�R���P�X�O�W�L���F�R�P�S�O�H�[�H�V���D�Q�G���W�K�H���V�H�Q�V�L�W�L�Y�L�W�\���R�I���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q��

�V�\�V�W�H�P�V���� �5�6�0�� �Z�D�V�� �H�P�S�O�R�\�H�G�� �W�R�� �P�R�G�H�O���� �R�S�W�L�P�L�V�H���� �D�Q�G��describe the behaviour of the hydrate-based 

formation kinetics using historical data design. The thermodynamic and kinetic data from our previous 

work (cite reference) were used via the RSM to develop response surface models for dehydration���U�D�W�L�R��

���'�+�5���� �D�Q�G�� �D�S�S�D�U�H�Q�W���N�L�Q�H�W�L�F�� �U�D�W�H�� �F�R�Q�V�W�D�Q�W�����.�D�S�S���� �R�I���W�K�H�� �W�K�U�H�H�� �M�X�L�F�H���V�\�V�W�H�P�V�����7�K�H���D�Q�D�O�\�V�L�V�� �R�I�� �Y�D�U�L�D�Q�F�H��

���$�1�2�9�$�����R�I���W�K�H���U�H�V�S�R�Q�V�H���P�R�G�H�O���G�H�Y�H�O�R�S�H�G���D�Q�G���W�K�H�L�U���E�H�K�D�Y�L�R�X�U���U�H�S�U�H�V�H�Q�W�H�G���J�U�D�S�K�L�F�D�O�O�\���E�\���W�K�H���U�H�V�S�R�Q�V�H��

�V�X�U�I�D�F�H���S�O�R�W�V�����Q�X�P�H�U�L�F�D�O���R�S�W�L�P�L�V�D�W�L�R�Q���D�Q�G���W�K�H���F�R�Q�F�H�S�W�X�D�O���G�H�V�L�J�Q���R�I���W�K�H���G�L�V�W�L�Q�F�W�L�Y�H���K�\�G�U�D�W�H���E�D�V�H�G���M�X�L�F�H��

�V�\�V�W�H�P�V���E�D�V�H�G���R�Q���W�K�H���F�R�V�W���D�Q�G���H�Q�H�U�J�\���D�V�V�H�V�V�P�H�Q�W���D�U�H���V�X�E�V�H�T�X�H�Q�W�O�\���G�L�V�F�X�V�V�H�G���� 

 

5.3.1. Regression modelling based on RSM historical data design  

�7�K�L�V���V�W�X�G�\���R�S�W�L�P�L�V�H�G���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q�¶�V���H�[�S�H�U�L�P�H�Q�W�D�O���W�K�H�U�P�R�G�\�Q�D�P�L�F�V���D�Q�G���N�L�Q�H�W�L�F�V���G�D�W�D���X�V�L�Q�J���5�6�0��

generated through statistical Stat-Ease Design-Expert software version 11.1.2 (Stat-Ease Inc., 

Minneapolis, MN, USA). The software provided the option for historical data design to input 

independent experimental variables and responses of interest. The influence of two independent 

variables built with two levels was studied at low (-1) and high (+1) coded levels of variables. The 

experimental historical data and their responses to the variables used in the experiment design are 

presented in Tables 5.1 to 5.3. 
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The RSM historical data design was used to study the effect of independent input variables affecting 

the rheology of the thermodynamics and kinetics of hydrate formation in the water-

grape/pineapple/bitter melon + juice CO2 system. The historical data achieved during hydrate-based 

fruit-juice concentration taken was used to develop the empirical model. Based on the experimental 

thermodynamics equilibrium data, the initial temperature (x1), initial pressure (x2) and juice 

concentration (x3) were identified as independent input variables of specific interest. Similarly, based 

on the experimental kinetics of hydrate formation data, the same variables were identified as 

independent input variables of specific interest. The response selected for thermodynamics data was the 

DHR (y2) obtained from the experimental work. Moreover, the response selected for kinetics data of 

hydrate formation was the apparent rate constant (y1) obtained from the experimental work.  

 

Table 5.1: �5�H�V�X�O�W�V���I�U�R�P���W�K�H���N�L�Q�H�W�L�F�V���R�I���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���I�U�R�P���&�2�����K�\�G�U�D�W�H���L�Q���E�L�W�W�H�U���M�X�L�F�H�� 

�5�X�Q���R�U�G�H�U �)�D�F�W�R�U���� �)�D�F�W�R�U���� �)�D�F�W�R�U���� �5�H�V�S�R�Q�V�H���� �5�H�V�S�R�Q�V�H����  
�.  �0�3�D �Z�W���� �P�R�O�H���*���P�R�O�H��

�Z�D�W�H�U���P�L�Q�V���3�D 
�Y�R�O���� 

�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� �������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� �������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� �������� 
���� ������������ ������ �������� �������� ���������� 
���� ������������ �� �������� �������� ���������� 
���� ������������ ������ �������� �������� �������� 
���� ������������ ������ �������� �������� �������� 
���� ������������ ������ �������� �������� �������� 

�)�D�F�W�R�U���������,�Q�L�W�L�D�O���W�H�P�S�H�U�D�W�X�U�H�����)�D�F�W�R�U�����,�Q�L�W�L�D�O���S�U�H�V�V�X�U�H�����)�D�F�W�R�U���������,�Q�L�W�L�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����5�H�V�S�R�Q�V�H���������$�S�S�D�U�H�Q�W���U�D�W�H��
�F�R�Q�V�W�D�Q�W�����.�D�S�S��� �������������������5�H�V�S�R�Q�V�H���������'�H�K�\�G�U�D�W�L�R�Q���U�D�W�L�R�����'�+�5���� 
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Table 5.2: �5�H�V�X�O�W�V���I�U�R�P���W�K�H���N�L�Q�H�W�L�F�V���R�I���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���I�U�R�P���&�2�����K�\�G�U�D�W�H���L�Q���J�U�D�S�H���M�X�L�F�H�� 

�5�X�Q���R�U�G�H�U �)�D�F�W�R�U���� �)�D�F�W�R�U���� �)�D�F�W�R�U���� �5�H�V�S�R�Q�V�H���� �5�H�V�S�R�Q�V�H����  
�.  �0�3�D �Z�W���� �P�R�O�H���*���P�R�O�H��

�Z�D�W�H�U���P�L�Q�V���3�D 
�Y�R�O���� 

�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ �� �������� �������� ���������� 
�� ������������ ������ �������� �������� �������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� �������� 
�� ������������ ������ �������� �������� ���������� 
���� ������������ ������ �������� �������� ���������� 
���� ������������ ������ �������� �������� ���������� 
���� ������������ �� �������� �������� ���������� 
���� ������������ �������� �������� �������� �������� 
���� ������������ ������ �������� �������� �������� 
���� ������������ ������ �������� �������� ���������� 

�)�D�F�W�R�U���������,�Q�L�W�L�D�O���W�H�P�S�H�U�D�W�X�U�H�����)�D�F�W�R�U�����,�Q�L�W�L�D�O���S�U�H�V�V�X�U�H�����)�D�F�W�R�U���������,�Q�L�W�L�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����5�H�V�S�R�Q�V�H���������$�S�S�D�U�H�Q�W���U�D�W�H��
�F�R�Q�V�W�D�Q�W�����.�D�S�S��� �������������������5�H�V�S�R�Q�V�H���������'�H�K�\�G�U�D�W�L�R�Q���U�D�W�L�R�����'�+�5���� 

 

Table 5.3: �5�H�V�X�O�W�V���I�U�R�P���W�K�H���N�L�Q�H�W�L�F�V���R�I���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���I�U�R�P���&�2�����K�\�G�U�D�W�H���L�Q���S�L�Q�H�D�S�S�O�H���M�X�L�F�H�� 

�)�D�F�W�R�U���������,�Q�L�W�L�D�O���W�H�P�S�H�U�D�W�X�U�H�����)�D�F�W�R�U�����,�Q�L�W�L�D�O���S�U�H�V�V�X�U�H�����)�D�F�W�R�U���������,�Q�L�W�L�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����5�H�V�S�R�Q�V�H���������$�S�S�D�U�H�Q�W���U�D�W�H��
�F�R�Q�V�W�D�Q�W�����.�D�S�S��� �������������������5�H�V�S�R�Q�V�H���������'�H�K�\�G�U�D�W�L�R�Q���U�D�W�L�R�����'�+�5���� 

 

 

�5�X�Q���R�U�G�H�U �)�D�F�W�R�U���� �)�D�F�W�R�U���� �)�D�F�W�R�U���� �5�H�V�S�R�Q�V�H���� �5�H�V�S�R�Q�V�H����  
�.  �0�3�D �Z�W���� �P�R�O�H���*���P�R�O�H��

�Z�D�W�H�U���P�L�Q�V���3�D 
�Y�R�O���� 

�� ������������ ������ �������� �������� �������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
�� ������������ ������ �������� �������� ���������� 
���� ������������ ������ �������� �������� ���������� 
���� ������������ �� �������� �������� ���������� 
���� ������������ ������ �������� �������� ���������� 
���� ������������ ������ �������� �������� ���������� 
���� ������������ ������ �������� �������� ���������� 
���� ������������ ������ �������� �������� ���������� 
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Analysis of variance (ANOVA) 

The RSM modelled the historical data with input variables such as pressure, temperature, and 

concentration, as shown in Tables 5.1 to 5.3 as a function of the responses (DHR and Kapp). The 

quadratic models developed to correlate factors with DHR and Kapp includes the first-order effects (x1, 

x2), interaction effects (x1x2) and second-order effects (x21, x2
2) as expressed in equations (5.2) to (5.7). 

The coefficients (��0, ��1, ��2, ��11, ��12������13, ��23) of these second-order polynomial coded equations (5.2 to 

5.7) were estimated using the RSM least of squares from the Design-Expert software. Herein, the 

response second-order polynomial quadratic uncoded equations (5.7 to 5.13) derived were subsequently 

subjected to the ANOVA to determine the significance of each model term and their interaction impact.   

Second-order Polynomial quadratic equation (uncoded) for grape juice (D). 

      (5.7) 

             (5.8) 

Second-order Polynomial quadratic equation (uncoded) for pineapple juice (E). 

          (5.9) 

              (5.10) 

Second-order Polynomial quadratic equation (uncoded) for bitter melon juice (F) 

     (5.11) 

   (12) 

The second-order polynomial models (5.7 to 5.13) were in their reduced form for the responses to RSM 

experimental design. These equations represented the predictive effect of the input variables on their 

�G�L�V�W�L�Q�F�W�L�Y�H���U�H�V�S�R�Q�V�H�V�����7�K�H���V�L�J�Q�L�I�L�F�D�Q�W���P�R�G�H�O�V�¶���W�H�U�P�V were selected, whereas the insignificant terms were 

�R�P�L�W�W�H�G���E�H�F�D�X�V�H���W�K�H�\���K�D�G���Q�R���L�P�S�D�F�W���R�Q���W�K�H���P�R�G�H�O�V�¶���S�U�H�G�L�F�W�L�Y�L�W�\���D�Q�G���D�F�F�X�U�D�F�\�����7�K�H���S�R�V�L�W�L�Y�H���D�Q�G���Q�H�J�D�W�L�Y�H��



 
 

121 
 

signs in the equations depict a synergistic and an antagonistic effect of the input variables on the 

responses. As shown in Tables 5.4 to 5.5, the statistical parameters obtained from the ANOVA for 

reduced quadratic polynomial models were highly significant, with their probability values less than 

0.05. Also, the adequate precision values greater than 4 suggested a high signal/ratio of the models with 

good correlation (R2 > 0.9) fits the experimental data.  
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Table 5.4: ANOVA results for apparent rate constant (Kapp) of the CO2 hydrate of formation in selected juice systems.  

�6�R�X�U�F�H  �6�X�P���R�I���6�T�X�D�U�H�V  �'�2�)   �0�H�D�Q���6�T�X�D�U�H  �)���Y�D�O�X�H  �S���Y�D�O�X�H  �5�H�� 

  �'  �(  �)  �'  �(  �)  �'  �(  �)  �'  �(  �)  �'  �(  �)   

�0�R�G�H�O  ���������� ���������� ����������  �� �� ��  �������� �������� ����������  ���������� �������������� ������������  ���������������� ���������������� ����������������  �6�L�J�� 

�$���7�H�P�S��  �������� �������� ����������  �� �� ��  �������� �������� ����������  ���������� �������������� ��������������  ������������ ���������������� ����������������  
 

�%���3�U�H�V�V��  ���������� ���������� ����������  �� �� ��  ���������� ���������� ����������  ������������ �������������� ��������������  ���������������� ���������������� ����������������  
 

�&���&�R�Q�F��  �������� ������������ ��������  �� �� ��  �������� ������������ ��������  ���������� ������������ ������������  ������������ ���������������� ����������������  
 

�$�%  ������������ ������������ ������������  �� �� ��  ������������ ������������ ������������  ������������ �������� ����������  ������������ ������������ ������������  
 

�$�&  ������������ �������� ������������  �� �� ��  ������������ �������� ������������  �������� �������������� ����������  ������������ ���������������� ������������  
 

�%�&  ������������ ������������   �� ��   ������������ ������������   ������������ ��������   ������������ ������������   
 

�$�ð  ������������ �������� ������������  �� �� ��  ������������ �������� ������������  �������� ������������ ����������  ������������ ���������������� ������������  
 

�%�ð  ������������ ������������ ������������  �� �� ��  ������������ ������������ ������������  �������� ���������� ������������  ������������ ������������ ������������  
 

�5�H�V�L�G�X�D�O  ������������ ������������ ������������  �� �� ��  ������������ ������������ ������������          
 

�&�R�U��
�7�R�W�D�O 

 ���������� ���������� ����������  ���� ���� ����              
 

�5�ð  ������������ ������������ ������������                   

�$�G�M�����5�ð  ������������ ������������ ������������                   

�3�U�H�G�����5�ð  ������������ ������������ ������������                   

�$�G�H�T����
�3�U�H�F�� 

 �������������� ���������������� ��������������                   

�$�����L�Q�L�W�L�D�O���W�H�P�S�H�U�D�W�X�U�H�����%�����L�Q�L�W�L�D�O���S�U�H�V�V�X�U�H�����&�����L�Q�L�W�L�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q����D: grape juice; E: Pineapple juice; F: Bitter melon juice�����'�2�)�����G�H�J�U�H�H���R�I���I�U�H�H�G�R�P�����&�R�U�����7�R�W�D�O�����7�R�W�D�O���V�X�P���R�I��

�V�T�X�D�U�H�V���F�R�U�U�H�F�W�H�G���I�R�U���W�K�H���P�H�D�Q�����5���������F�R�U�U�H�O�D�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�����$�G�M�����D�G�M�X�V�W�H�G�����S�U�H�G�����S�U�H�G�L�F�W�H�G�����V�L�J�����V�L�J�Q�L�I�L�F�D�Q�W�����D�Q�G���$�G�H�T���3�U�H�F�����$�G�H�T�X�D�W�H���3�U�H�F�L�V�L�R�Q�����5�H�������5�H�P�D�U�N�� 
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Table 5.5: ANOVA results for the dehydration ratio (DHR) of the CO2 hydrate of formation in selected juice systems.  

�6�R�X�U�F�H  �6�X�P���R�I���6�T�X�D�U�H�V  �'�2�)   �0�H�D�Q���6�T�X�D�U�H  �)���Y�D�O�X�H  �S���Y�D�O�X�H  �5�H�� 

  �'  �(  �)  �'  �(  �)  �'  �(  �)  �'  �(  �)  �'  �(  �)   

�0�R�G�H�O  �������������� �������������� ��������������  �� �� ��  ������������ ������������ ������������  ������������ ������������ ������������  ���������������� ���������������� ����������������  �6�L�J�� 

�$���7�H�P�S��  ���������� ������������ ������������  �� �� ��  ���������� ������������ ������������  �������� ������������ ����������  ������������ ���������������� ������������  
 

�%���3�U�H�V�V��  ������������ ������������ ������������  �� �� ��  ������������ ������������ ������������  ������������ ������������ ������������  ���������������� ���������������� ����������������  
 

�&���&�R�Q�F��  ������������ �������������� ��������������  �� �� ��  ������������ �������������� ��������������  ������������ �������������� ������������  ���������������� ���������������� ����������������  
 

�$�%  �������� ���������� ��������  �� �� ��  �������� ���������� ��������  �������� ���������� ��������  ������������ ������������ ������������  
 

�$�&  �������� �������� ����������  �� �� ��  �������� �������� ����������  ������������ �������� ��������  ������������ ������������ ������������  
 

�%�&  ���������� ���������� ������������  �� �� ��  ���������� ���������� ������������  ���������� ���������� ����������  ������������ ������������ ������������  
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Tables 5.4 and 5.5 respectively present the ANOVA results for Kapp and DHR responses for hydrate 

formation processes. The difference between the adjusted correlation coefficients, R2 (adj.) and the 

pred. R2 of the models were all less than 0.2. This suggests good predictability of the models with the 

experimental data wi�W�K�L�Q���W�K�H�� �G�H�V�L�J�Q���U�D�Q�J�H�V�� �R�I�� �W�K�H���L�Q�S�X�W�¶�V�� �Y�D�U�L�D�E�O�H�V���� �7�K�H�� �52 (adj.) obtained for DHR 

were 0.9893 (D), 0.9967 (E), and for Kapp, 0.9879 (F) and 0.9714 (D), 0.9986 (E) and 0.9958 (F) 

respectively.  The adj. R2 values of DHR and Kapp (D, E and F, respectively) are reasonably consistent 

with the actual R2 values, which are closer to 1, signifying an excellent fitting degree�� These significant 

differences (< 0.2)  between R2 (adj.) and the pred. R2 affirms a reasonable agreement between the 

predicted and experimental values (Carlson and Carlson, 2005; Montgomery, 2006; Sarabia and Ortiz, 

2009; Anderson and Whitcomb, 2017).  

 

�$�O�V�R���� �W�K�H�� �T�X�D�G�U�D�W�L�F�� �P�R�G�H�O�¶�V�� �)-values and P-values played a prominent role in determining their 

significance and suitability (Montgomery, 2006). The DHR and Kapp have F-values ranging from 60.42 

to 406.03 and 133.74 to 525.6, respectively, and P-values of less than 0.05 (< 0.0001). These model F-

value ranges imply that the regression model can explain most of the variation in the response. The P-

values (Prob > F) being less than 0.05 (< 0.0001) demonstrated the significance of the model terms. As 

shown in Tables 5.6 to 5.8 for the experimental data and response predicted results, their regression 

plots of actual values vs predicted values are presented in Figures 5.1 to 5.2. Figures 5.1 to 5.2 show 

�W�K�D�W�� �W�K�H�� �G�D�W�D�� �S�R�L�Q�W�V�� �F�O�R�V�H�U�� �W�R�� �W�K�H�� �G�L�D�J�R�Q�D�O�� �O�L�Q�H�� �D�I�I�L�U�P�� �W�K�H�� �P�R�G�H�O�¶�V�� �S�U�H�G�L�F�W�L�Y�H�� �S�U�H�F�L�V�L�R�Q�� �Z�L�W�K�� �K�L�J�K�� �52 

values closer to 1. The predicted and actual values difference was within acceptable limits (Tables 5.4 

to 5.5). The model overpredicts whenever data points cluster above the diagonal straight line and 

underpredicts when data points cluster beneath the diagonal straight line (Montgomery, 2006; Jensen, 

2008). Furthermore, the actual and predicted values were reasonably close to a straight line, unveiling 

a good consistency.  
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Table 5.6: Experimental vs predicted values of the dehydration and apparent rate constant for CO2 

hydrate formation in bitter melon juice.  

�5�X�Q���R�U�G�H�U  �5�H�V�S�R�Q�V�H����  �5�H�V�S�R�Q�V�H���� 
  �(�[�S�H�U�L�P�H�Q�W�D�O �3�U�H�G�L�F�W�H�G  �(�[�S�H�U�L�P�H�Q�W�D�O �3�U�H�G�L�F�W�H�G  

 �P�R�O�H���*���P�R�O�H���Z�D�W�H�U���P�L�Q�V���3�D  �Y�R�O���� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  �������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  �������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  �������� ���������� 
����  �������� ����������  ���������� ���������� 
����  �������� ����������  ���������� ���������� 
����  �������� ����������  �������� ���������� 
����  �������� ����������  �������� ���������� 
����  �������� ����������  �������� ���������� 
�5�H�V�S�R�Q�V�H���������$�S�S�D�U�H�Q�W���U�D�W�H���F�R�Q�V�W�D�Q�W�����.�D�S�S��� �������������������5�H�V�S�R�Q�V�H���������'�H�K�\�G�U�D�W�L�R�Q���U�D�W�L�R�����'�+�5���� 

 

Table 5.7: Experimental vs predicted values of the dehydration and apparent rate constant for CO2 

hydrate formation in pineapple juice.  

�5�H�V�S�R�Q�V�H���������$�S�S�D�U�H�Q�W���U�D�W�H���F�R�Q�V�W�D�Q�W�����.�D�S�S��� �������������������5�H�V�S�R�Q�V�H���������'�H�K�\�G�U�D�W�L�R�Q���U�D�W�L�R�����'�+�5���� 

 

�5�X�Q���R�U�G�H�U 
 

�5�H�V�S�R�Q�V�H����  �5�H�V�S�R�Q�V�H���� 
  �(�[�S�H�U�L�P�H�Q�W�D�O �3�U�H�G�L�F�W�H�G  �(�[�S�H�U�L�P�H�Q�W�D�O �3�U�H�G�L�F�W�H�G 

 
 

�P�R�O�H���*���P�R�O�H���Z�D�W�H�U���P�L�Q�V���3�D  �Y�R�O���� 
��  �������� ����������  �������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
��  �������� ����������  ���������� ���������� 
����  �������� ����������  ���������� ���������� 
����  �������� ����������  ���������� ���������� 
����  �������� ����������  ���������� ���������� 
����  �������� ����������  ���������� ���������� 
����  �������� ����������  ���������� ���������� 
����  �������� ����������  ���������� ���������� 
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Table 5.8: Experimental vs predicted values of the dehydration and apparent rate constant for CO2 

hydrate formation in grape juice.  

�5�H�V�S�R�Q�V�H���������$�S�S�D�U�H�Q�W���U�D�W�H���F�R�Q�V�W�D�Q�W�����.�D�S�S��� �������������������5�H�V�S�R�Q�V�H���������'�H�K�\�G�U�D�W�L�R�Q���U�D�W�L�R�����'�+�5���� 
 

 

 

 

 

 

 

 

 

�5�X�Q���R�U�G�H�U 
 

�5�H�V�S�R�Q�V�H����  �5�H�V�S�R�Q�V�H���� 
  �(�[�S�H�U�L�P�H�Q�W�D�O �3�U�H�G�L�F�W�H�G  �(�[�S�H�U�L�P�H�Q�W�D�O �3�U�H�G�L�F�W�H�G 

 
 

�P�R�O�H���*���P�R�O�H���Z�D�W�H�U���P�L�Q�V���3�D  �Y�R�O���� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
��  ���������� ����������  ���������� ���������� 
����  ���������� ����������  ���������� ���������� 
����  ���������� ����������  ���������� ���������� 
����  ���������� ����������  ���������� ���������� 
����  ���������� ����������  ���������� ���������� 
����  ���������� ����������  ���������� ���������� 
����  ���������� ����������  ���������� ���������� 
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Figure 5.1: Predicted vs experimental plot of dehydration ratio for CO2 hydrate formation in grape (D), 

pineapple (E) and bitter melon (F) juice system.  
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 Figure 5.2: Predicted vs experimental plot of apparent rate constant kinetic parameter for CO2 hydrate 

formation in grape (D), pineapple (E) and bitter melon (F) juice system.  

 

Normal probability plots for residuals show that error terms are approximately linear, implying a normal 

distribution.��The ANOVA results (Tables 5.4 and 5.5), where the P-values were less than 0.05, 

�V�X�J�J�H�V�W�H�G���W�K�H���V�L�J�Q�L�I�L�F�D�Q�F�H���R�I���W�K�H���P�R�G�H�O�¶�V���U�H�V�S�R�Q�V�H�V���Z�D�V���D�W���D�����������F�R�Q�I�L�G�H�Q�F�H���O�H�Y�H�O�����)�L�J�X�U�H�V�����������D�Q�G����������

reveal the normal probability plotting (scatter diagram) of the studentised residuals based on the 

correlated responses of the models by the RSM. It is observed that most of the data points were scattered 

over the straight-line region, except for just a few data points. This demonstrated that no individual 

residuals passed the residual variance, which elucidates the errors acquired normal distribution along a 

zero mean a constant. This suggests that the observed data have a normal distribution and a straight-

line pattern (y = x). Generally, the residuals differ between the prediction and the actual response (Table 

5.6 to 5.8). In line with Montgomery (2006), the residual plots affirm the adequacy of the models.  
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Figure 5.3: Normal probability plot of residuals of dehydration ratio for CO2 hydrate formation in grape 

(D), pineapple (E) and bitter melon (F) juice system.  
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Figure 5.4: Normal probability plot of residuals of apparent rate constant kinetic parameter for CO2 

hydrate formation in grape (D), pineapple (E) and bitter melon (F) juice system.  

 

The residuals were furthermore investigated against the predicted responses. Figures 5 and  6 show the 

residual across DHR and Kapp�¶�V�� �S�U�H�G�L�F�W�H�G�� �Y�D�O�X�H�V���� �Z�K�L�F�K�� �F�R�Q�I�L�U�P�H�G�� �W�K�H�� �$�1�2�9�$�� �D�V�V�X�P�S�W�L�R�Q�V��

(Montgomery, 2006). In Figures 5 and 6, the limits of the assumption are depicted with a red straight 

line. All the data points are within limits, validating that the ANOVA assumption was significant. It 

also infers that the quadratic models developed are significant for the predictions of the responses as a 

function of independent variables. 
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Figure 5.5: �5�H�V�L�G�X�D�O�V���Y�V���S�U�H�G�L�F�W�H�G���S�O�R�W���R�I���W�K�H���G�H�K�\�G�U�D�W�L�R�Q���U�D�W�L�R��for CO2 hydrate formation in grape (D), 

pineapple (E) and bitter melon (F) juice system.  
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Figure 5.6: �5�H�V�L�G�X�D�O�V���Y�V���S�U�H�G�L�F�W�H�G���S�O�R�W���R�I���W�K�H���D�S�S�D�U�H�Q�W���U�D�W�H���F�R�Q�V�W�D�Q�W���N�L�Q�H�W�L�F���S�D�U�D�P�H�W�H�U��for CO2 hydrate 

formation in grape (D), pineapple (E) and bitter melon (F) juice system.  

 

�7�K�H�� �U�H�J�U�H�V�V�L�R�Q�� �P�R�G�H�O�� �H�T�X�D�W�L�R�Q�V�¶�� �J�U�D�S�K�L�F�D�O�� �U�H�S�U�H�V�H�Q�W�D�W�L�R�Q�� �Z�D�V�� �S�U�H�V�H�Q�W�H�G�� �L�Q�� �W�K�U�H�H-D surface plots 

(Figures 5.7 to 5.12) to establish the optimum conditions of input variables. It was used to understand 

the type of interactions between variables that can be used to improve the hydrate-based juice process 

efficiency. One input variable was kept constant in the 3D response surface plot, while the other two 

were altered within the experimental ranges. The observed behaviour signifies that the derived 

regression models provide an excellent fit to the experimental data. The signal also evaluated the 

adequate precision of the model to noise ratio (Tables 5.4 and 5.5). The obtained ratio was found to be 

in the range of (32.5135-���������������������D�Q�G���V�X�S�S�R�U�W�H�G���W�K�H���P�R�G�H�O�¶�V���I�L�W�Qess as it was higher than the desired 

value of 4. The LOF F-value of > 4.0 and pure error of < 4.0 imply that the LOF is non-insignificant 

relative to the pure error. Non-significant LOF is useful if we want to fit the model. Besides, the model 

p-value of 0.0001 is less than 0.05, which indicates that it is significant at a 95% confidence level. These 

data pointed out that all the parameters studied have an important influence on the DHR and Kapp (p < 
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0.05). Therefore, the predicted response models can be utilised to navigate the space defined by the 

historical data design through the 3-D plots. 

 

�)�L�J�X�U�H�V�����������W�R�������������G�H�S�L�F�W���Y�D�U�L�R�X�V���I�D�F�W�R�U�V�¶���H�I�I�H�F�W�V���D�Q�G���L�Q�W�H�U�D�F�W�L�R�Q�V�����V�X�F�K���D�V���W�H�P�S�H�U�D�W�X�U�H�����S�U�H�V�V�X�U�H�����D�Q�G��

invested juice concentration. These 3-D surface plots show the effect of changing levels of the three 

factors, initial Pressure, Temperature, and juice Concentration, on the DHR and Kapp of CO2 hydrate 

formation in selected juices (Figures 5.7 to 5.12). They also provide a graphical explanation of the 

interaction and visualise the effects of the experimental independent variables on the equilibrium 

pressure. According to Montgomery (2006), this 3-D plot is used to check model accuracy. Figures 5.7 

to 5.12 show that the curves are well-fitting with the observed points, the design points. There is no 

significant deviation from the curvature at any point in the model, suggesting that the model is accurate. 

 

�� ��

 

Figure 5.7: Effects of factors on the DHR as a function, system: Pineapple + CO2. Symbols (a), (b) and 

(c), denotes interactions between A & B, B & C, and A & C. 

 

(a) (b) 

(c) 
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Figure 5.8: Effects of factors on the Kapp as a function, system: Pineapple + CO2. Symbols (a), (b) and 

(c), denotes interactions between A & B, B & C, and A & C. 

 

 

 

Figure 5.9: Effects of factors on the DHR as a function, system: Grape + CO2. Symbols (a), (b) and 

(c), denotes interactions between A & B, B & C, and A & C. 

(a) (b) 

(c) 

(a) (b) 

(c) 



 
 

135 
 

 

Figure 5.10: Effects of factors on the Kapp as a function, system: Grape + CO2. Symbols (a), (b) and 

(c), denotes interactions between A & B, B & C, and A & C. 

 

 

Figure 5.11: Effects of factors on the DHR as a function, system. Bitter melon + CO2. Symbols (a), (b) 

and (c), denotes interactions between A & B, B & C, and A & C. 

(a) (b) 

(c) 

(a) (b) 

(c) 
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Figure 5.12: Effects of factors on the Kapp as a function, system. Bitter melon + CO2. Symbols (a) and 

(b), denote interactions between A & B and A & C. 

 

According to Figures 5.7 to 5.12 (a and b), increasing the temperature from T = (274.15 to 276.15) K, 

delaying hydrate formation, and increasing juice concentration negatively affect DHR and Kapp. Thus, 

the hydrate processes were directly affected by temperature because it regulates the hydrate formation 

rate. Therefore, as reported in our previous studies (Chapters 3 and 4), the system temperature needs to 

�E�H���O�R�Z�H�U�H�G���W�R���D�F�F�H�O�H�U�D�W�H���K�\�G�U�D�W�H�V�¶���I�R�U�P�D�W�L�R�Q�����$�W���W�K�H���V�D�P�H���W�L�P�H�����W�K�H���L�Q�L�W�L�D�O���S�U�H�V�V�X�U�H���V�K�R�X�O�G���E�H���L�Q�F�U�H�D�V�H�G�� 

 

Furthermore, the ANOVA results (Tables 5.4 and 5.5) show that the level of juice concentration after 

the temperature is the significant factor influencing DHR and Kapp. The effects of initial juice 

concentration on DHR and Kapp were then examined at Conc. = 88.5 to 97.4 wt.%. Figures 5.7 to 5.12 

�F�O�H�D�U�O�\�� �V�K�R�Z�� �W�K�D�W�� �W�K�H�� �L�Q�Y�H�V�W�L�J�D�W�H�G�� �M�X�L�F�H�V�¶�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �F�R�U�U�H�O�D�W�H�V�� �S�R�V�L�W�L�Y�H�O�\�� �Z�L�W�K�� �'�+�5�� �D�Q�G�� �.app. In 

response to increasing water cut concentrations, DHR and Kapp increased. However, a proportionally 

steep increase in the pressure of CO2 shows the opposite effect compared with temperature. The 

observed change from the 3-D response surface indicates that all three factors significantly affect DHR 

and Kapp. Additionally, a slight decrease in DHR and Kapp was observed at higher temperature levels, 

where steep-slope curvatures revealed the relationship between the responses and their input factors 

(Figure 5.7 to 5.12). 

 

Figures 5.7 to 5.11 (c) show that initial pressure and concentration interact strongly when investigating 

juices, and decreasing pressure (or increasing temperature) and decreasing water cut concentration will 

prevent hydrate formation. It can be concluded that the optimum conditions for DHR and Kapp for CO2 

hydrate formation in the selected juices could be acquired when the initial temperature, pressure and 

concentration have a low (T = 274.15 K), high (4.2 MPa) and high (91.1 or 93.3 or 97.4 wt.%) levels 

respectively.   

 

 

(a) (b) 
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�2�S�W�L�P�L�V�D�W�L�R�Q�� 

As well established, hydrate formation is susceptible to system temperature, and its molecules undergo 

a gas hydrate quickly. The response surface plots (Figures 5.7 to 5.12) displayed the influence of 

temperature, pressure and concentration on DHR and Kapp. However, this could not easily be used to 

determine optimum operating conditions. Therefore, to obtain the region applicable to these conditions, 

it is necessary to determine the optimum region of the independent variables that satisfies the desirable 

response. The thermodynamics and kinetics o�I���K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���R�S�W�L�P�L�V�D�W�L�R�Q�¶�V���J�R�D�O���I�X�Q�F�W�L�R�Q�V���Z�H�U�H��

defined to have the shortest hydrate formation time and the least amount of energy consumed (i.e., feed 

pressure and system temperature). The restriction functions were the dehydration ratio and the apparent 

�U�D�W�H�� �F�R�Q�V�W�D�Q�W���� �Z�K�L�F�K�� �K�D�G�� �W�R�� �E�H�� �D�V�� �K�L�J�K�� �D�V�� �S�R�V�V�L�E�O�H�� �W�R�� �E�H�� �³�G�H�V�L�U�D�E�O�H�´���� �7�K�H�� �Q�X�P�H�U�L�F�D�O�� �R�S�W�L�P�L�V�D�W�L�R�Q��

technique proposed by Derringer and Suich (1980) was used in this study to find the specific point that 

maximises the model functions. The predicted optimum operating conditions for temperature, pressure, 

�D�Q�G���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���E�D�V�H�G���R�Q���'�H�U�U�L�Q�J�H�U�¶�V���G�H�V�L�U�H�G���I�X�Q�F�W�L�R�Q���D�S�S�U�R�D�F�K���Z�H�U�H���F�K�R�V�H�Q���E�D�V�H�G���R�Q���W�K�H���K�L�V�W�R�U�L�F�D�O��

data design results, as shown in Table 5.9. Table 5.10 shows the best solutions with the most desirability 

ranging from 0.945 to 0.989. In this region, the highest possible DHR and Kapp were predicted.  

 

Table 5.9: �6�H�W�W�L�Q�J�V�� �R�S�W�L�P�D�O�� �F�R�Q�G�L�W�L�R�Q�V�� �I�R�U�� �R�S�W�L�P�L�V�H�G�� �&�2�����K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� �U�H�V�S�R�Q�V�H�V�� �L�Q�� �V�H�O�H�F�W�H�G��

�M�X�L�F�H�V�� 

�&�R�Q�V�W�U�D�L�Q�W�V  �*�R�D�O  �/�R�Z�H�U���O�L�P�L�W  �8�S�S�H�U���O�L�P�L�W 
       

�7�H�P�S�H�U�D�W�X�U�H  �,�Q���5�D�Q�J�H  ������������ ������������ ������������  ������������ ������������ ������������ 
�3�U�H�V�V�X�U�H  �,�Q���5�D�Q�J�H  �� �� ��  ������ ������ ������ 
�&�R�Q�F�H�Q�W�U�D�W�L�R�Q  �,�Q���5�D�Q�J�H��  �������� �������� ��������  �������� �������� �������� 
�'�+�5  �0�D�[�L�P�L�V�H��  ���������� ���������� ����������  �������� ���������� ���������� 
�. �D�S�S  �0�D�[�L�P�L�V�H  �������� �������� ��������  �������� �������� �������� 

 

Table 5.10: �6�R�I�W�Z�D�U�H���J�H�Q�H�U�D�W�H�G���R�S�W�L�P�D�O���V�R�O�X�W�L�R�Q�V 

�6�R�O�X�W�L�R�Q �7�H�P�S�H�U�D�W�X�U�H �3�U�H�V�V�X�U�H �&�R�Q�F�H�Q�W�U�D�W�L�R�Q �'�+�5  �. �D�S�S �'�H�V�L�U�D�E�L�O�L�W�\ �5�H�P�D�U�N 
  �%�L�W�W�H�U���P�H�O�R�Q��   

�� �������������� ���������� ������������ ������������ ������������ ���������� �6�H�O�H�F�W�H�G 
  �*�U�D�S�H   

�� �������������� ���������� ������������ ������������ ������������ ���������� �6�H�O�H�F�W�H�G 
  �3�L�Q�H�D�S�S�O�H   

�� �������������� ���������� ������������ ������������ ������������ ���������� �6�H�O�H�F�W�H�G 
 

The optimum condition for the factors or process conditions is T = (274.194 to 274.929) K, P = (3.90 

to 4.20) MPa, and Conc. = (90.56 to 97.4) wt.%. These optimum conditions are in the same order as the 

lower temperature, although slight differences (initial pressure and Initial concentration) were noticed. 

The investigated system temperatures seem to have slightly favourable conditions for T = 274.15 K due 
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to the observed desirability values. Juice concentration (water cut) has the same effect as the other two 

factors and varies proportionally with the desirability function; however, it significantly increases the 

DHR and Kapp values. Because the highest DHR and Kapp values are the response of interest, the actual 

coded conditions should be as shown in Table 10. This severely high system pressure and low 

temperature provided better optimum operating conditions than the high-temperature system.  

 

No experiments were co�Q�G�X�F�W�H�G���X�Q�G�H�U���R�S�W�L�P�X�P���R�S�H�U�D�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���W�R���Y�D�O�L�G�D�W�H���W�K�H���P�R�G�H�O�¶�V���S�U�H�G�L�F�W�H�G��

results. Therefore, to confirm the accuracy of the developed models, the numerically selected optimum 

operating conditions should be validated further by carrying out a set of experiments in triplicate. The 

final decision on the optimum operating conditions will depend on the production time, the operating 

costs and the effects of sensory characteristics of the concentrated juice. These optimum operating 

conditions resulting from the thermodynamics and kinetics of hydrates formation will offer an important 

reference for later phase equilibrium measurements and conceptual design of hydrate-based 

concentrating technology.  

 

5.3.2. Energy assessment and comparison 

�7�K�H���S�U�H�Y�L�R�X�V���F�K�D�S�W�H�U�����&�K�D�S�W�H�U���������S�U�H�V�H�Q�W�H�G���D���F�R�Q�F�H�S�W�X�D�O���G�H�V�L�J�Q���G�L�D�J�U�D�P���R�I���W�K�H���S�U�R�S�R�V�H�G���K�\�G�U�D�W�H���E�D�V�H�G��

�M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V�����V�H�H���)�L�J�X�U�H���������������7�K�H���S�U�H�Y�L�R�X�V���F�K�D�S�W�H�U�V���������D�Q�G���������U�H�Y�H�D�O�H�G���W�K�D�W���M�X�L�F�H���V�\�V�W�H�P�V��

�K�D�G���W�K�H���O�D�U�J�H�V�W���W�H�P�S�H�U�D�W�X�U�H���V�K�L�I�W���I�U�R�P���&�2���������Z�D�W�H�U���V�\�V�W�H�P�V�����7�K�L�V���U�H�V�X�O�W�H�G���L�Q���D���F�R�Q�F�H�S�W�X�D�O���G�H�V�L�J�Q���E�D�V�H�G��

�R�Q�� �W�K�H�� �V�\�V�W�H�P�¶�V�� �R�S�W�L�P�L�V�H�G�� �F�R�Q�G�L�W�L�R�Q�V���� �7�K�X�V���� �W�K�H�� �G�H�V�L�J�Q�� �Z�D�V�� �G�H�V�L�J�Q�H�G�� �W�R�� �S�U�H�S�D�U�H�� �I�R�U�� �D�O�O�� �S�R�V�V�L�E�O�H��

�R�X�W�F�R�P�H�V�����8�S�R�Q���D�G�G�U�H�V�V�L�Q�J���W�K�H���H�Q�H�U�J�\���F�K�D�O�O�H�Q�J�H���L�Q���W�K�H���M�X�L�F�H���L�Q�G�X�V�W�U�\�����D���S�U�D�F�W�L�F�D�O���M�X�L�F�H���S�O�D�Q�W���L�Q���6�R�X�W�K��

�$�I�U�L�F�D���Z�D�V���X�V�H�G���D�V���D���P�R�G�H�O���I�R�U���W�K�H���S�U�R�F�H�V�V�����6�R�X�W�K���$�I�U�L�F�D���L�V���D���F�R�X�Q�W�U�\���W�K�D�W���S�U�R�G�X�F�H�V���O�D�U�J�H���T�X�D�Q�W�L�W�L�H�V���R�I��

�J�U�D�S�H�� �M�X�L�F�H���� �V�R�� �L�W�� �P�D�G�H�� �V�H�Q�V�H�� �W�R�� �F�K�R�R�V�H�� �G�D�W�D�� �I�U�R�P�� �W�K�L�V�� �M�X�L�F�H�� �S�U�R�G�X�F�W�L�R�Q�� �S�O�D�Q�W�����$�� �F�R�Q�F�H�S�W�X�D�O�� �S�U�R�F�H�V�V��

�G�H�V�L�J�Q���Z�D�V���G�H�Y�H�O�R�S�H�G���E�D�V�H�G���R�Q���D�Q���(�[�F�H�O���V�S�U�H�D�G�V�K�H�H�W���D�Q�G���D�Q���H�Q�H�U�J�\���E�D�O�D�Q�F�H�����7�K�H���H�Q�H�U�J�\���E�D�O�D�Q�F�H���Z�D�V��

�F�D�O�F�X�O�D�W�H�G�� �D�V�V�X�P�L�Q�J�� �W�K�D�W�� �R�Q�O�\�� �Z�D�W�H�U���� �U�H�I�U�L�J�H�U�D�Q�W�� �D�Q�G�� �F�D�U�E�R�Q�� �G�L�R�[�L�G�H�� �F�D�Q�� �H�Q�W�H�U�� �R�U�� �H�[�L�W�� �W�K�H�� �S�U�R�S�R�V�H�G��

�K�\�G�U�D�W�H���I�R�U�P�D�W�L�R�Q���S�U�R�F�H�V�V�� 

 

�)�R�U���F�R�P�S�D�U�L�V�R�Q���S�X�U�S�R�V�H�V�����D���F�R�Q�F�H�S�W�X�D�O���G�H�V�L�J�Q���I�R�U���D���J�U�D�S�H���S�L�Q�H�D�S�S�O�H���E�L�W�W�H�U���P�H�O�R�Q���M�X�L�F�H���V�\�V�W�H�P���E�D�V�H�G���R�Q��

�D�� �������K�R�X�U���� ���������G�D�\�� �S�U�R�G�X�F�W�L�R�Q�� �F�\�F�O�H�� �Z�D�V�� �H�P�S�O�R�\�H�G�����7�K�L�V�� �Z�D�V�� �G�R�Q�H�� �W�R�� �H�Q�V�X�U�H�� �W�K�D�W�� �W�K�H�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H��

�L�Q�Y�H�V�W�L�J�D�W�H�G���V�\�V�W�H�P�V���F�R�X�O�G���E�H���F�R�P�S�D�U�H�G���U�H�O�L�D�E�O�\�����7�K�H���S�O�D�Q�W���V�F�D�O�H���L�V���V�H�W���D�W�����������W�R�Q�V���S�H�U���K�R�X�U���R�I���U�D�Z���M�X�L�F�H����

�Z�K�L�F�K���U�H�V�X�O�W�V���L�Q�����������������W�R�Q�V���R�I���U�D�Z���M�X�L�F�H�V���K�D�Q�G�O�H�G���D�Q�Q�X�D�O�O�\�����7�K�H�����������W�R�Q���S�H�U���K�R�X�U���E�D�V�L�V���F�K�R�V�H�Q���D�O�O�R�Z�H�G��

�I�R�U���D���G�L�U�H�F�W���F�R�P�S�D�U�L�V�R�Q���R�I���W�K�H���U�H�V�X�O�W�V���R�E�W�D�L�Q�H�G���L�Q���W�K�L�V���V�W�X�G�\���W�R���W�K�H���F�R�P�S�D�Q�\�¶�V���G�D�W�D�����7�K�L�V���Z�D�V���F�K�R�V�H�Q���W�R��

�F�R�P�S�D�U�H���W�K�H���V�W�X�G�\�¶�V���K�\�G�U�D�W�H���E�D�V�H�G���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V���U�H�V�X�O�W�V���P�R�U�H���D�F�F�X�U�D�W�H�O�\�����7�K�L�V���G�D�W�D���Z�D�V��

�S�U�R�Y�L�G�H�G���E�\���W�K�H���S�O�D�Q�W���W�K�D�W���S�U�R�G�X�F�H�V���M�X�L�F�H���L�Q���6�R�X�W�K���$�I�U�L�F�D���� 

 



 
 

139 
 

�$�V���S�U�H�Y�L�R�X�V�O�\���V�W�D�W�H�G���L�Q���&�K�D�S�W�H�U�V���������D�Q�G�����������W�K�H���K�H�D�W���R�I���I�X�V�L�R�Q���L�V���X�V�X�D�O�O�\���O�H�V�V���W�K�D�Q���W�K�H���K�H�D�W���R�I���H�Y�D�S�R�U�D�W�L�R�Q����

�7�K�L�V���V�X�J�J�H�V�W�V���W�K�D�W���W�K�H���H�Q�H�U�J�\���D�V�V�H�V�V�P�H�Q�W���R�I���D���I�X�V�L�R�Q���E�D�V�H�G���V�H�S�D�U�D�W�L�R�Q���W�H�F�K�Q�R�O�R�J�\���Z�L�W�K���D�Q���D�W�W�H�P�S�W���W�R��

�U�H�S�O�D�F�H�� �W�K�H�� �H�Y�D�S�R�U�D�W�L�R�Q�� �S�U�R�F�H�V�V�� �F�R�X�O�G�� �O�H�D�G�� �W�R�� �V�X�E�V�W�D�Q�W�L�D�O�� �H�Q�H�U�J�\�� �V�D�Y�L�Q�J�V�����$�O�V�R���� �R�Q�O�\�� �I�R�U�P�H�U�� �J�D�V�� �D�Q�G��

�Z�D�W�H�U���F�U�H�D�W�H���K�\�G�U�D�W�H���F�U�\�V�W�D�O�V���G�X�U�L�Q�J���W�K�H���K�\�G�U�D�W�H���E�D�V�H�G���V�H�S�D�U�D�W�L�R�Q���S�U�R�F�H�V�V�����D�Q�G���R�Q�O�\���Z�D�W�H�U���L�V���Y�D�S�R�U�L�V�H�G��

�G�X�U�L�Q�J�� �W�K�H�� �H�Y�D�S�R�U�D�W�L�R�Q���S�U�R�F�H�V�V�����7�K�H�U�H�I�R�U�H���� �W�K�L�V�� �D�O�O�R�Z�V�� �G�L�U�H�F�W���F�R�P�S�D�U�L�V�R�Q�� �R�I�� �W�K�H�� �K�H�D�W���U�H�O�H�D�V�H�G���G�X�U�L�Q�J��

�K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� ���I�X�V�L�R�Q���� �D�Q�G�� �H�Y�D�S�R�U�D�W�L�R�Q�� �I�R�U�� �H�D�F�K�� �S�U�R�F�H�V�V���� �7�D�E�O�H�� ���������� �V�X�P�P�D�U�L�V�H�V�� �W�K�H�� �G�H�V�L�J�Q��

�S�D�U�D�P�H�W�H�U�V���D�Q�G���F�R�P�S�D�U�H�V���W�K�H���K�\�G�U�D�W�H���E�D�V�H�G���V�H�S�D�U�D�W�L�R�Q���S�U�R�F�H�V�V���D�Q�G���F�R�Q�Y�H�Q�W�L�R�Q�D�O���H�Y�D�S�R�U�D�W�L�R�Q���W�H�F�K�Q�L�T�X�H��

�H�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���� 

 

Table 5.11: �$���F�R�P�S�D�U�L�V�R�Q���R�I���K�\�G�U�D�W�H���E�D�V�H�G���D�Q�G���H�Y�D�S�R�U�D�W�L�R�Q���W�H�F�K�Q�R�O�R�J�L�H�V���I�R�U���V�H�O�H�F�W�H�G���M�X�L�F�H���V�\�V�W�H�P�V�� 

Juice  Energy consumption (kW)  Number of stages  °Brix per stage 

 
 Evaporatora Gas hydrateb  

 
 

 
Bitter melon  10329.11 5006.66  5  13.12 

Grape  9301.96 4841.76  2  36.12 

Pineapple  9645.70 4864.04  2  40.17 

 

�&�R�P�S�D�U�H�G���W�R���F�R�Q�Y�H�Q�W�L�R�Q�D�O���H�Y�D�S�R�U�D�W�L�R�Q�����K�\�G�U�D�W�H���W�H�F�K�Q�R�O�R�J�L�H�V���W�D�N�H���I�H�Z�H�U���V�W�D�J�H�V���W�R���D�F�K�L�H�Y�H���D���P�L�Q�L�P�X�P��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���������ƒ�%�U�L�[���I�U�R�P���W�K�H���R�S�W�L�P�D�O���L�Q�L�W�L�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�V���R�I���I�U�X�L�W���M�X�L�F�H�V���V�K�R�Z�Q���L�Q���7�D�E�O�H���������������,�Q��

�W�K�H���F�D�V�H���R�I�����������W�R�Q�V���S�H�U���K�R�X�U���R�I���E�L�W�W�H�U���P�H�O�R�Q�����J�U�D�S�H�����D�Q�G���S�L�Q�H�D�S�S�O�H���M�X�L�F�H�����������������������������������������D�Q�G������������������

�N�:���D�U�H���W�K�H���W�R�W�D�O���H�Q�H�U�J�\���U�H�T�X�L�U�H�G�����%�D�V�H�G���R�Q���W�K�L�V���V�L�P�S�O�H���F�R�P�S�D�U�L�V�R�Q�����W�K�H���H�Q�H�U�J�\���U�H�T�X�L�U�H�G���I�R�U���I�X�V�L�R�Q���L�V��������

�W�R�� ������ ���� �R�I�� �W�K�H�� �H�Q�H�U�J�\�� �U�H�T�X�L�U�H�G�� �I�R�U�� �H�Y�D�S�R�U�D�W�L�R�Q���� �)�U�R�P�� �D�Q�� �R�S�W�L�P�X�P�� �L�Q�L�W�L�D�O�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q���� �R�E�W�D�L�Q�L�Q�J�� �D��

�P�L�Q�L�P�X�P���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���������%�U�L�[���M�X�L�F�H���U�H�T�X�L�U�H�V���O�H�V�V���H�Q�H�U�J�\���W�K�D�Q���D���W�U�L�S�O�H���H�I�I�H�F�W���H�Y�D�S�R�U�D�W�R�U���������������������W�R��
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORKS  
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�F�R�Q�G�L�W�L�R�Q�V�� �Z�H�U�H�� �H�V�W�D�E�O�L�V�K�H�G���� �7�K�H�� �K�\�G�U�D�W�H���E�D�V�H�G�� �S�U�R�F�H�V�V�� �I�R�U�� �L�P�S�O�H�P�H�Q�W�D�W�L�R�Q�� �L�Q�� �W�K�H�� �M�X�L�F�H��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���L�Q�G�X�V�W�U�\���Z�D�V���H�[�D�P�L�Q�H�G���L�Q���G�H�W�D�L�O�����2�Q�H���K�\�G�U�D�W�H���V�W�D�J�H���F�D�Q���U�H�S�O�D�F�H���W�K�U�H�H���H�Y�D�S�R�U�D�W�L�R�Q��

�X�Q�L�W�V���L�Q���W�K�H���H�[�D�P�L�Q�H�G���M�X�L�F�H���V�\�V�W�H�P�V���E�D�V�H�G���R�Q���W�K�H���D�Q�D�O�\�V�L�V�����(�Q�H�U�J�\���F�R�Q�V�X�P�S�W�L�R�Q���I�R�U���W�K�L�V���V�L�Q�J�O�H��

�V�W�D�J�H���K�\�G�U�D�W�H���U�H�D�F�W�R�U���Z�D�V���������������W�R���������������O�R�Z�H�U���W�K�D�Q���I�R�U���W�K�U�H�H���H�I�I�H�F�W���H�Y�D�S�R�U�D�W�R�U�V�� 
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�������� �5�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���I�R�U���I�X�W�X�U�H���Z�R�U�N 

�)�U�X�L�W���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���V�W�X�G�L�H�V���X�V�L�Q�J���&�2�����K�\�G�U�D�W�H���E�D�V�H�G���W�H�F�K�Q�R�O�R�J�\���D�U�H���V�W�L�O�O���L�Q���W�K�H�L�U���L�Q�I�D�Q�F�\���D�Q�G���K�D�Y�H��

�Q�R�W���E�H�H�Q���I�X�O�O�\���H�[�S�O�R�U�H�G�����+�R�Z�H�Y�H�U�����W�K�L�V���Z�D�V���R�Q�H���R�I���W�K�H���I�L�U�V�W���V�W�X�G�L�H�V���W�R���H�P�S�K�D�V�L�V�H���I�U�H�V�K�O�\���H�[�W�U�D�F�W�H�G���I�U�X�L�W��

�M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���V�\�V�W�H�P�V�����D�Q�G���L�W���K�D�V���R�S�H�Q�H�G���X�S���Q�H�Z���D�Y�H�Q�X�H�V���R�I���V�W�X�G�\���L�Q���D���Y�D�U�L�H�W�\���R�I���G�L�V�F�L�S�O�L�Q�H�V�����7�K�H��

�I�R�O�O�R�Z�L�Q�J���U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V���K�D�Y�H���E�H�H�Q���P�D�G�H���I�R�U���I�X�W�X�U�H���U�H�V�H�D�U�F�K���D�Q�G���G�H�Y�H�O�R�S�P�H�Q�W���E�D�V�H�G���R�Q���W�K�H���I�L�Q�G�L�Q�J�V��

�R�I���W�K�L�V���V�W�X�G�\�� 

�x �$�Q�� �L�Q�G�X�V�W�U�\�� �W�K�D�W�� �V�W�U�L�Y�H�V�� �W�R�� �V�D�Y�H�� �H�Q�H�U�J�\���� �L�P�S�U�R�Y�H�� �T�X�D�O�L�W�\���� �D�Q�G�� �E�H�� �V�X�V�W�D�L�Q�D�E�O�H�� �L�V�� �F�U�L�W�L�F�D�O�� �W�R�� �L�W�V��

�V�X�U�Y�L�Y�D�O���� �'�H�V�S�L�W�H�� �J�D�V�� �K�\�G�U�D�W�H�� �W�H�F�K�Q�R�O�R�J�\�¶�V�� �O�R�Q�J�� �K�L�V�W�R�U�\���� �W�K�H�� �W�H�F�K�Q�R�O�R�J�\�� �K�D�V�� �\�H�W�� �W�R�� �S�U�R�Y�H��

�H�I�I�H�F�W�L�Y�H���L�Q���W�K�H���L�Q�G�X�V�W�U�L�D�O���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���I�U�H�V�K���I�U�X�L�W���M�X�L�F�H�V�����7�K�H���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���H�V�W�D�E�O�L�V�K�H�G����

�W�U�D�G�L�W�L�R�Q�D�O�� �W�H�F�K�Q�L�T�X�H�V���� �W�K�H�� �W�H�F�K�Q�R�O�R�J�\�� �L�V�� �F�X�U�U�H�Q�W�O�\�� �L�P�S�U�D�F�W�L�F�D�O���� �7�K�H�U�H�I�R�U�H���� �P�R�U�H�� �V�W�X�G�L�H�V�� �D�U�H��

�U�H�T�X�L�U�H�G���W�R���E�X�L�O�G���D���G�D�W�D�E�D�V�H���I�R�U���I�X�W�X�U�H���G�H�Y�H�O�R�S�P�H�Q�W�V���L�Q���W�K�L�V���I�L�H�O�G���� 

 
�x �7�K�H���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W�V���R�I���W�K�H�V�H���S�R�V�H�G���E�\���I�U�H�V�K���M�X�L�F�H���V�K�R�X�O�G���Q�R�W���E�H���R�Y�H�U�O�R�R�N�H�G���Z�K�H�Q���G�H�Y�H�O�R�S�L�Q�J��

�S�U�H�G�L�F�W�L�Y�H���W�K�H�U�P�R�G�\�Q�D�P�L�F���P�R�G�H�O�V���I�R�U���F�D�O�F�X�O�D�W�L�Q�J���G�L�V�V�R�F�L�D�W�L�R�Q���S�R�L�Q�W�V�����,�W���L�V���D�O�V�R���V�X�J�J�H�V�W�H�G���W�K�D�W��

�H�[�S�H�U�L�P�H�Q�W�V���D�Q�G���P�R�G�H�O�O�L�Q�J���V�W�X�G�L�H�V���V�K�R�X�O�G���E�H���F�R�Q�G�X�F�W�H�G���R�Q���I�U�H�V�K���M�X�L�F�H�V���U�D�W�K�H�U���W�K�D�Q���F�R�P�P�H�U�F�L�D�O��

���V�X�S�H�U�P�D�U�N�H�W�����M�X�L�F�H�V���W�K�D�W���F�R�Q�W�D�L�Q���D�G�G�L�W�L�Y�H�V�� 

 
�x �,�W�� �L�V�� �U�H�F�R�P�P�H�Q�G�H�G�� �I�R�U�� �I�X�W�X�U�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �W�K�D�W�� �W�K�H�� �D�G�G�L�W�L�R�Q�� �R�I�� �D�P�E�L�H�Q�W�� �R�S�H�U�D�W�L�Q�J�� �F�R�Q�G�L�W�L�R�Q��

�S�U�R�P�R�W�H�U�V���E�H���L�Q�Y�H�V�W�L�J�D�W�H�G���I�R�U���X�V�H���L�Q���W�K�H���M�X�L�F�H���V�\�V�W�H�P�V���L�O�O�X�V�W�U�D�W�H�G���L�Q���W�K�H���S�U�H�V�H�Q�W���V�W�X�G�\���D�Q�G���W�K�R�V�H��

�U�H�F�R�P�P�H�Q�G�H�G�� �I�R�U�� �X�V�H�� �L�Q�� �W�K�L�V�� �V�W�X�G�\�� �W�R�� �F�R�X�Q�W�H�U�D�F�W�� �L�Q�K�L�E�L�W�R�U�\�� �H�I�I�H�F�W�V���� �)�X�U�W�K�H�U�P�R�U�H���� �L�Q�K�L�E�L�W�L�R�Q��

�H�I�I�H�F�W�V���P�X�V�W���E�H���L�Q�Y�H�V�W�L�J�D�W�H�G���Z�K�H�Q���S�U�H�G�L�F�W�L�Y�H���W�K�H�U�P�R�G�\�Q�D�P�L�F���P�R�G�H�O�V���D�U�H���X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���W�K�H��

�G�L�V�V�R�F�L�D�W�L�R�Q���S�R�L�Q�W�V���R�I���W�K�H���L�Q�Y�H�V�W�L�J�D�W�H�G���V�\�V�W�H�P�V�����7�K�L�V���L�V���E�H�F�D�X�V�H���U�D�Z���I�U�X�L�W�V���Z�H�U�H���X�V�H�G���L�Q���W�K�H���M�X�L�F�H��

�V�\�V�W�H�P�V�� �U�D�W�K�H�U�� �W�K�D�Q�� �V�\�Q�W�K�H�W�L�F�� �R�U�� �F�R�P�P�H�U�F�L�D�O�� �M�X�L�F�H���� �7�K�L�V�� �L�Q�I�R�U�P�D�W�L�R�Q�� �F�R�X�O�G�� �E�H�� �Y�D�O�X�D�E�O�H�� �I�R�U��

�G�H�V�L�J�Q�L�Q�J���D���I�U�X�L�W���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�O�D�Q�W���E�D�V�H�G���R�Q���K�\�G�U�D�W�H�V�� 

 
�x �)�X�U�W�K�H�U�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �P�H�D�V�X�U�H�P�H�Q�W�V�� �V�K�R�X�O�G�� �E�H�� �S�H�U�I�R�U�P�H�G�� �X�V�L�Q�J�� �R�W�K�H�U�� �Q�D�W�X�U�D�O�� �J�D�V�� �K�\�G�U�D�W�H��

�I�R�U�P�H�U�V���V�X�F�K���D�V���P�H�W�K�D�Q�H�����S�U�R�S�D�Q�H�����H�W�K�D�Q�H�����D�Q�G���I�O�X�R�U�L�Q�D�W�H�G���I�R�U�P�H�U�V���V�X�F�K���D�V���5�������D�����5�������D�����D�Q�G��

�5���������W�R���G�H�W�H�U�P�L�Q�H���W�K�H���K�\�G�U�D�W�H���S�K�D�V�H���G�L�V�V�R�F�L�D�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���I�R�U���W�K�H���Q�H�Z���V�\�V�W�H�P�V�����7�K�L�V���L�Q�F�O�X�G�H�V��

�P�H�D�V�X�U�L�Q�J���K�\�G�U�D�W�H���G�L�V�V�R�F�L�D�W�L�R�Q���F�R�Q�G�L�W�L�R�Q�V���I�R�U���R�W�K�H�U���I�U�X�L�W���M�X�L�F�H���V�\�V�W�H�P�V���L�Q���S�X�U�H���I�R�U�P�� 

 
�x �2�E�V�H�U�Y�D�W�L�R�Q�V���V�K�R�X�O�G���E�H���F�D�U�U�L�H�G���R�X�W���L�Q���D�Q���R�E�V�H�U�Y�D�W�L�R�Q���F�H�O�O���Z�L�W�K���Y�L�H�Z�L�Q�J���Z�L�Q�G�R�Z�V���W�R���R�E�V�H�U�Y�H���W�K�H��

�I�R�U�P�D�W�L�R�Q�� �R�I�� �J�D�V�� �K�\�G�U�D�W�H�V���� �,�Q�� �F�H�U�W�D�L�Q�� �V�L�W�X�D�W�L�R�Q�V���� �Q�X�F�O�H�D�W�L�R�Q�� �P�D�\�� �R�F�F�X�U�� �L�P�P�H�G�L�D�W�H�O�\�� �G�X�U�L�Q�J��

�N�L�Q�H�W�L�F���P�H�D�V�X�U�H�P�H�Q�W�V�����7�K�L�V���V�X�J�J�H�V�W�V���W�K�H���Q�H�H�G���I�R�U���R�E�V�H�U�Y�D�W�L�R�Q���Z�L�Q�G�R�Z�V�� 

 
�x �%�H�I�R�U�H���L�Q�G�X�V�W�U�L�D�O���K�\�G�U�D�W�H���E�D�V�H�G���F�R�Q�F�H�Q�W�U�D�W�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V���F�D�Q���E�H���L�P�S�O�H�P�H�Q�W�H�G�����W�K�H�L�U���V�L�]�H���D�Q�G��

�T�X�D�O�L�W�\�� �P�X�V�W�� �E�H�� �G�H�W�H�U�P�L�Q�H�G�� �X�Q�G�H�U�� �G�L�I�I�H�U�H�Q�W�� �W�K�H�U�P�R�G�\�Q�D�P�L�F�� �F�R�Q�G�L�W�L�R�Q�V���� �'�X�H�� �W�R�� �W�K�H�� �O�D�F�N�� �R�I��

�V�D�P�S�O�H���S�R�L�Q�W���L�Q���W�K�L�V���H�T�X�L�O�L�E�U�L�X�P���F�H�O�O�����L�W���Z�D�V���L�P�S�R�V�V�L�E�O�H���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���W�K�H��
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�V�R�O�X�W�L�R�Q�� �D�I�W�H�U�� �K�\�G�U�D�W�H�� �I�R�U�P�D�W�L�R�Q�� �D�Q�G�� �W�K�X�V�� �W�K�H�� �G�H�J�U�H�H�� �R�I�� �V�H�S�D�U�D�W�L�R�Q���� �(�I�I�R�U�W�V�� �P�X�V�W�� �E�H�� �P�D�G�H�� �W�R��

�G�H�Y�H�O�R�S���P�H�W�K�R�G�V���I�R�U���G�H�W�H�U�P�L�Q�L�Q�J���W�K�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���W�K�H���I�L�Q�D�O���V�R�O�X�W�L�R�Q�����7�K�H���K�\�G�U�D�W�H���D�S�S�D�U�D�W�X�V��

�F�D�Q���E�H���P�R�G�L�I�L�H�G���W�R���F�R�O�O�H�F�W���V�D�P�S�O�H�V���I�U�R�P���F�U�\�V�W�D�O�V���R�I���K�\�G�U�D�W�H�V�����7�K�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���W�K�H���V�D�P�S�O�H�V��

�F�D�Q���D�O�V�R���E�H���D�Q�D�O�\�V�H�G���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���Q�X�P�E�H�U���R�I���G�L�V�V�R�O�Y�H�G���V�R�O�L�G�V���W�K�D�W���D�U�H���U�H�W�D�L�Q�H�G���L�Q���W�K�H���F�U�\�V�W�D�O�V����

�,�Q���W�K�L�V���Z�D�\�����W�K�H���K�\�G�U�D�W�H���V�W�U�X�F�W�X�U�H���Z�L�O�O���E�H���E�H�W�W�H�U���X�Q�G�H�U�V�W�R�R�G���G�X�U�L�Q�J���I�R�U�P�D�W�L�R�Q���D�Q�G���G�L�V�V�R�F�L�D�W�L�R�Q�� 

 
�x �3�U�R�P�R�W�H�U�V�� �P�D�\�� �S�U�H�V�H�Q�W�� �W�K�H�U�P�R�G�\�Q�D�P�L�F�� �D�Q�G�� �N�L�Q�H�W�L�F�� �D�G�Y�D�Q�W�D�J�H�V�� �I�R�U�� �W�K�H�� �K�\�G�U�D�W�H���E�D�V�H�G�� �M�X�L�F�H��

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V�����8�V�L�Q�J���W�K�H�P���I�R�U���W�K�H���V�\�V�W�H�P�V���L�Q�Y�H�V�W�L�J�D�W�H�G���L�Q���W�K�L�V���V�W�X�G�\���D�Q�G���R�W�K�H�U���V�\�V�W�H�P�V��

�L�Q���K�\�G�U�D�W�H���E�D�V�H�G���I�U�X�L�W���M�X�L�F�H���F�R�Q�F�H�Q�W�U�D�W�L�R�Q���S�U�R�F�H�V�V�H�V���F�R�X�O�G���E�H���L�Q�W�H�U�H�V�W�L�Q�J�� 

 
�x �,�Q���L�Q�G�X�V�W�U�L�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���R�I���K�\�G�U�D�W�H���E�D�V�H�G���S�U�R�F�H�V�V�H�V�����Q�X�F�O�H�D�W�L�R�Q���S�K�H�Q�R�P�H�Q�R�Q���D�Q�G���V�W�R�F�K�D�V�W�L�F�L�W�\��

�D�U�H���R�I�W�H�Q���F�L�W�H�G���D�V���G�L�V�D�G�Y�D�Q�W�D�J�H�V�����7�K�L�V�� �S�U�R�E�O�H�P���P�D�\�� �E�H�� �V�R�O�Y�H�G���E�\�� �U�H�X�V�L�Q�J�� �W�K�H���O�L�T�X�L�G���S�K�D�V�H���D�W��

�H�D�F�K���F�U�\�V�W�D�O�O�L�V�D�W�L�R�Q���V�W�H�S�����Z�K�L�F�K���W�K�H���P�H�P�R�U�\���H�I�I�H�F�W���F�R�X�O�G���D�F�F�R�P�S�O�L�V�K�����1�X�F�O�H�D�W�L�R�Q���R�I���K�\�G�U�D�W�H�V���L�V��

�V�H�H�Q���D�V���D���V�W�R�F�K�D�V�W�L�F���S�U�R�F�H�V�V�����V�R���F�R�Q�W�U�R�O�O�L�Q�J���W�K�L�V���S�K�H�Q�R�P�H�Q�R�Q���F�D�Q���E�H���V�H�H�Q���D�V���D���V�R�O�X�W�L�R�Q�����5�H�V�H�D�U�F�K��
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APPENDICES 

APPENDIX A  

CALIBRATIONS AND NIST UNCERTAINTY ANALYSIS  

A.1. Calibrations  

A.1.1. Calibration of measuring devices  

Pressure calibration 

A standard pressure transducer, model Mensor CPC 8000 high-End Pressure Controller (supplied by 

WIKA), was used to calibrate two pressure transducers (P1: 0 to 1.6 MPa and P2: 0 to 5 MPa) that were 

used in this study. The standard pressure transducer was suitable to operate in a range of 0 to 10 MPa 

with an accuracy of ±0.006 MPa. Both transducers were connected to the equilibrium cell and a data 

acquisition unit en route to a computer installed with the SquirrelView software for display. Then the 

empty equilibrium cell was submerged into a liquid bath and kept constant at a temperature of 298.15 

K. The equilibrium cell was pressurised with nitrogen gas through a Mensor unit to the desired pressure, 

and the system was allowed to stabilise. After that, pressure measurements were undertaken at specific 

stabilised pressures (0 to 5 MPa), from low to high values and vice versa, with an increment of 0.1 MPa. 

Three pressure readings from the standard pressure and cell pressure transducers P1 and P2 in a 5 

minutes interval for each point were recorded for repeatability and the assessment of hysteresis.  

 

Finally, the average pressure transducer measurements were plotted against the standard pressure 

transducer. A linear response curve is expected. These plots presented the uncertainty in pressure 

measurements between pressure and standard pressure, which resulted in a second-order polynomial 

relation, as shown in Figures A.1 and A.2. The calculation with the trendlines gave the maximum 

uncertainty of ±0.0003 MPa (P1) and ±0.0004 MPa (P2). Both temperature probes were re-calibrated 

at the end of experimental measurements to assess any internal resistance drift.    
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Figure A.1: Calibration of the pressure transducer (P1) for the high-pressure apparatus. left: Second-

order relation between the actual and transducer pressures. right: Deviations from the actual pressure, 

resulting from the use of a second-order equation. The symbol,, denotes the furthest departure. 

 

Figure A.2: Calibration of the pressure transducer (P2) for the high-pressure apparatus. left: Second-

order relation between the actual and transducer pressures. right: Deviations from the actual pressure, 

resulting from the use of a second-order equation. The symbol,, denotes the furthest departure. 

 

Temperature calibration 

A standard temperature calibration unit, model CTH 6500 (supplied by WIKA, South Africa), calibrated 
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the two (T1 and T2) Pt-100 temperature probes (253.15 to 303.15 K). Both probes and the reference 

probe were submerged during the calibration into a thermos-statted stirred bath filled with an equal 

volume of ethylene glycol and water, model CTB9100 (supplied by WIKA, Soth Africa) record 

temperature measurements. The reference probe was connected to the standard temperature calibration 

unit from which the resistance temperature can be displayed. The two Pt-100 probes were connected to 

a data acquisition unit en route to a computer installed with the SquirrelView software for display. Both 

standard temperature calibration and thermos-statted stirred bath unit was calibrated directly by WIKA 

instruments with an accuracy of ±0.03 K for the temperature range of 73.15 to 473.15 K. The bath 

temperature was increased decreased at uniform temperature until an operating range of  (253.15 to 

303.15) K was covered. For each point, three readings were recorded for repeatability and the 

assessment of hysteresis.  

 

Finally, the average temperature probe measurements were plotted against the standard temperature 

calibration unit, and a linear response curve was observed. These plots presented the uncertainty in the 

Pt-100 temperature probe and the standard calibration temperature unit, resulting in a second-order 

polynomial relation (Figures A.3 and A.4). The calculation with the trendlines gave the maximum 

uncertainty of ±0.07 K in both T1 and T2 probes.  

    

Figure A.3: Calibration of the Pt-100 element for the isochoric apparatus. left: Second-order relation 

between the actual and probe temperature. right: Deviation from the actual temperature, resulting from 

the use of a second-order relation. The symbol,, denotes the furthest departure. 
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Figure A.4: Calibration of the Pt-100 element for the isochoric apparatus. left: Second-order relation 

between the actual and probe temperature. right: Deviation from the actual temperature, resulting from 

the use of a second-order relation. The symbol,, denotes the furthest departure. 

 

A.2. NIST uncertainty analysis 

A.2.1. Estimation of uncertainties  

Experimental measurements generally suffer from two common errors: systematic and random errors. 

This is due to the accuracy of the measuring device and the experimenter. As a result, these factors may 

affect the measurements uncertainties. This section specifies and reports the influence of all sources of 

uncertainties on the measurements. Therefore, in this study, the experimental measurements were 

repeated to judge the accuracy of the experimental data. The uncertainty data obtained using the NIST 

guideline (Taylor and Kuyatt, 1994) enabled the measured hydrate data to be comparable with available 

literature data. Data with high accuracy is useful for other researchers to provide more accurate models. 

These models will limit the repetition of experiments if differences are not significant (Birch, 2001).  

 

In this study, there was more than one source of uncertainty present. Therefore, as per NIST guidelines 

for reporting uncertainty, the overall uncertainty was presented as a combined uncertainty.  

                                                     (A.1) 

However, according to NIST guidelines, two types (A and B) of procedures are followed when 

evaluating these uncertainties of measurements. In type A (Gaussian distribution type), the uncertainty 
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for the pressure and temperature was related to numerous transducer readings (repeatability) obtained 

for a stable system (repeatability) and the difference between readings from two different conditions 

(reproducibility). The instrument manufacturer error causes this uncertainty, and it can be determined 

using:  

                                               (A.2) 

where,  

                                                                      (A.3) 

In type B, the standard uncertainty for the pressure and temperature comes from polynomials fitted to 

�W�K�H�� �F�D�O�L�E�U�D�W�L�R�Q�V���� �P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �V�S�H�F�L�I�L�F�D�W�L�R�Q���� �D�V�� �Z�H�O�O�� �D�V�� �S�U�H�Y�L�R�X�V�� �P�H�D�V�X�U�H�P�H�Qt data taken from 

handbooks. The error on pressure and temperature calibrations (random) was shown in Figures A.1 to 

A.4. It was assumed that the pressure and temperature fall anywhere between the lower and upper 

uncertainty limits from the calibrations. This was determined from the second-order polynomial 

expressions. From these constraints, the uniform or rectangular distribution was utilised to estimate the 

instrument and calibration uncertainties by the following equations:  

                                                             (A.4) 

                                                             (A.5) 

where, b is the half-width between the lower and upper limits and is determined as follows:  

                                                                      (A.6) 

By considering the above standard uncertainties, the following equation was used to evaluate the 

combined standard uncertainties, uc (��), for pressure and temperature:  

            (A.7) 

 

where, uinstrument indicates the standard uncertainty for the instrument (pressure transducer or temperature 

probe) and ucalibration indicates the calibration uncertainty. Moreover, urepeatability and ureproducibility are 
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standard uncertainties from repeatability and reproducibility, respectively (type A). All the uncertainties 

in the equation above are independent and random. 

 

Therefore, the measured combined and calibration uncertainty for pressure and temperature instruments 

used in this study are reported in Table A.1. 

Table A.1: The uncertainties in the pressure and temperature. 

Calibration  a b ucalibration uc ������ 

P1 0.0003 0.0003 0.0002 MPa ± 0.0234 MPa 
P2 0.0004 0.0004 0.0002 MPa ± 0.0234 MPa 
T1 0.07 0.07 0.04 K ± 0.08 K 
T2 0.07 0.07 0.04 K ± 0.06 K 

 

A.2.2. Reporting uncertainty  

The reported uncertainty above (Table A.1) is a combined standard uncertainty in this study. Alternative 

this can be reported as expended uncertainty, U (��), by including a coverage factor. However, this 

depends on the application of the experimental data. The inclusion of the covering factor demonstrates 

the confidence level of measured data when k is increasing (k>1), as in the following equation:   

                                                                (A.8) 

In this study, it was necessary to expand the combined standard uncertainty, uc (��). The cover factor of 

k = 1 with a confidence level is 95% was applied to provide more accurate experimental data.  
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APPENDIX B 

SRK EOS AND MIXING RULE  

�,�Q���F�K�H�P�L�F�D�O���V�\�V�W�H�P�V���Z�L�W�K���S�R�O�D�U���F�R�P�S�R�X�Q�G�V�����V�X�F�K���D�V���Z�D�W�H�U�����W�K�H���6�R�D�Y�H���5�H�G�O�L�F�K���.�Z�R�Q�J�����6�5�.�����H�T�X�D�W�L�R�Q��

�R�I���V�W�D�W�H�����(�R�6�����L�V���I�U�H�T�X�H�Q�W�O�\���X�V�H�G���W�R���P�R�G�H�O���W�K�H���S�K�D�V�H���H�T�X�L�O�L�E�U�L�X�P�����6�R�D�Y�H�����������������0�R�K�D�P�P�D�G�L���H�W���D�O������������������

�-�D�Y�D�Q�P�D�U�G�L���H�W���D�O���������������������7�K�H���I�R�O�O�R�Z�L�Q�J���H�T�X�D�W�L�R�Q�����(�T�����%���������Z�D�V���X�V�H�G���L�Q���W�K�L�V���V�W�X�G�\���W�R���F�D�O�F�X�O�D�W�H���P�R�O�H�V��

�D�Q�G���F�R�P�S�U�H�V�V�L�E�L�O�L�W�\���I�D�F�W�R�U�� 

  ���%������ 

�Z�K�H�U�H���3���G�H�Q�R�W�H�V���S�U�H�V�V�X�U�H�����7���G�H�Q�R�W�H�V���W�H�P�S�H�U�D�W�X�U�H�����Y���G�H�Q�R�W�H�V���P�R�O�D�U���Y�R�O�X�P�H�����D�Q�G���5���G�H�Q�R�W�H�V���W�K�H���L�G�H�D�O���J�D�V��

�F�R�Q�V�W�D�Q�W�����)�R�U���W�K�L�V���H�T�X�D�W�L�R�Q���R�I���V�W�D�W�H�����(�T�����%�����������W�K�H���S�D�U�D�P�H�W�H�U�V���D���7�����D�Q�G���E���U�H�S�U�H�V�H�Q�W���F�R�H�I�I�L�F�L�H�Q�W�V���G�H�S�H�Q�G�L�Q�J��

�R�Q���W�K�H���Q�D�W�X�U�H���R�I���W�K�H���J�D�V�����D�Q�G���W�K�H�\���D�U�H���D�V���I�R�O�O�R�Z�V������ 

 ���%������ 

     ���%������ 

�Z�K�H�U�H���7�F���G�H�Q�R�W�H�V���W�K�H���F�U�L�W�L�F�D�O���W�H�P�S�H�U�D�W�X�U�H�����3�F���G�H�Q�R�W�H�V���W�K�H���F�U�L�W�L�F�D�O���S�U�H�V�V�X�U�H�����D�Q�G���&���L�V���W�K�H���D�F�H�Q�W�U�L�F���I�D�F�W�R�U����

�7�K�H�V�H���S�D�U�D�P�H�W�H�U�V���D�U�H���I�L�[�H�G���I�R�U���H�D�F�K���J�D�V�����,�Q���7�D�E�O�H���%���������W�K�H�V�H���S�D�U�D�P�H�W�H�U�V���D�U�H���V�K�R�Z�Q���D�F�F�R�U�G�L�Q�J���W�R���Y�D�U�L�R�X�V��

�J�D�V�H�V���� 

Table B.1: �*�D�V���F�R�Q�V�W�D�Q�W���S�U�R�S�H�U�W�L�H�V 

�*�D�V �7�F�����.�� �3�F�����0�3�D�� �&������������ 
�&�D�U�E�R�Q���'�L�R�[�L�G�H ������������ ���������� ���������� 

 

�(�T�X�D�W�L�R�Q���%�������L�V���X�V�H�G���W�R���F�D�O�F�X�O�D�W�H���W�K�H���F�R�P�S�U�H�V�V�L�E�L�O�L�W�\���I�D�F�W�R�U���=�� 

      ���%������ 

�(�T�X�D�W�L�R�Q�V���%�������D�Q�G���%�������F�D�Q���E�H���V�K�R�Z�Q���E�\���D�U�L�W�K�P�H�W�L�F���P�D�Q�L�S�X�O�D�W�L�R�Q�V���W�R���E�H���W�K�H���F�X�E�L�F���H�T�X�D�W�L�R�Q���V�R�O�X�W�L�R�Q���I�R�U��

�F�R�P�S�U�H�V�V�L�E�L�O�L�W�\���I�D�F�W�R�U���=�� 

    ���%������ 
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�7�K�H���F�R�Q�V�W�D�Q�W�V���$���D�Q�G���%���D�U�H���G�H�I�L�Q�H�G���D�V���I�R�O�O�R�Z�V�� 

      ���%������ 

      ���%������ 

�(�L�W�K�H�U���D�Q���L�W�H�U�D�W�L�Y�H���R�U���D�O�J�H�E�U�D�L�F���V�R�O�X�W�L�R�Q���W�R���(�T�X�D�W�L�R�Q���%�������L�V���S�R�V�V�L�E�O�H�����&�D�U�G�D�Q�R�¶�V���P�H�W�K�R�G���G�H�V�F�U�L�E�H�G���L�Q���W�K�H��

�W�K�H�V�L�V���R�I���%�R�Q�Q�H�I�R�\�����%�R�Q�Q�H�I�R�\�����������������L�V���W�K�H���V�H�F�R�Q�G���R�S�W�L�R�Q���X�V�H�G���I�R�U���F�D�O�F�X�O�D�W�L�R�Q�V�����)�L�U�V�W�O�\�����(�T�������%���������Z�D�V��

�U�H�Z�U�L�W�W�H�Q���D�V���I�R�O�O�R�Z�V�� 

    ���%������ 

�)�X�U�W�K�H�U���S�D�U�D�P�H�W�H�U�V���D�U�H���D�G�G�H�G�� 

      ���%������ 

     ���%�������� 
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APPENDIX C 

APPARATUS, SAMPLE PREPARATION AND CHARACTERISATION  

C.1. Equipment  

Set-up 

 

Figure C.1: Photograph for the high-pressure equilibrium apparatus. 
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High-pressure equilibrium cell 

 

   

   

Figure C.2: Photograph of a high-pressure equilibrium cell with instruments and devices attached. Top: 

a cell sealed with cover plated, flange and fitted with Swagelok fittings (i �± needle valve, ii  �± relief 

valve, iii  �± temperature probe, and iv �± pressure transducer). Bottom: d, the cell side view; e, the cell 

interior; and f, the cover plate interior view (i �± fittings port, ii  �± flange and iii  �± O-ring).  

 

C.2. Fruit juice extraction  

Fully matured, uniform size and well-developed fruit were purchased from local markets and brought 

�W�R�� �W�K�H�� �F�K�H�P�L�F�D�O�� �H�Q�J�L�Q�H�H�U�L�Q�J�� �G�H�S�D�U�W�P�H�Q�W�¶�V�� �0�8�7�� ���0�D�Q�J�R�V�X�W�K�X�� �8�Q�L�Y�H�U�V�L�W�\�� �R�I�� �7�H�F�K�Q�R�O�R�J�\���� �U�H�V�H�D�U�F�K��

laboratory. On the same day, fruits were prepared before starting the juice extraction, as depicted in 

Figures C.3 and C.4. Firstly, fruits were inspected for any injury, damage and spoilage as these may 

lead to mycotoxins growth (Hao et al., 2015; Anene et al., 2016). Then, selected fruits were washed 

with distilled water and repeatedly rinsed with Ultrapure Millipore water to remove dirt, dust particles 

and insecticidal residues. This minimises physical and chemical contamination. It was followed by 

manual peeling (pineapple), deseeding (bitter melon) and cutting (pineapple and bitter melon) into small 

pieces to increase the yield of extracted juice. 

a b 

d f e 

c 

(i) 

(iii)  

(iv) 

(i) 

(ii)  (iii)  

(ii)  
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Figure C.3: A photograph of the materials used in this research. The symbols a, b, and c represent fresh 

Bitter Melon fruit, seedless red grape fruit, and pineapple fruit. 

 

 

 

Figure C.4: Photograph showing the preparation of materials. The symbols used present: a and d 

(washed, chopped, and crushed), Bitter melon fruit; b and e (washed, chopped and crushed), pineapple 

fruit; and c and f (washed, and crushed), Red Grape fruit. 

 

Secondly, the peeled and chopped fruits were gently crushed to nearly identical fine particles that were 

not too pulpy. Crushing was performed immediately after chopping to prevent any undesirable changes 

in the properties of the juice caused by the enzymatic reactions. The juice and pomace mixture were 

separated utilising a fine mesh strainer (100 µm), and pomace was retained on the strainer. The milky 

juice was purified further through a vacuum filtration apparatus shown in Figure C.5. Before filtration, 

the apparatus glassware was washed with soapy liquid, repeatedly rinsed with Ultrapure Millipore 

water, drained, and dried in an oven dryer at 378.15 K for 1 hour and cooled in a desiccator. Then, the 

juice was filled over a Whatmann-41 filter paper with a 20 µm aperture (supplied by Merck) in a 1000 

mL Buchner funnel. Solids were allowed to settle before the vacuum pump was switched on. The juice 

a 

d e f 

c b 

a b c 
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was gently suctioned through a thick bed of filter pulp by applying a suction pressure of 0.03 MPa at 

most.  

 

Figure C.5: The vacuum filtration apparatus used in this study is shown in this photograph. A Buchner 

funnel, suction flask, and vacuum pump are represented by the symbols a, b, and c. 

 

Moreover, the pulp bed was pressed firmly from time to time during the first part of filtration to increase 

the amount of filtrate collected in the suction flask (4000 mL). Figure C.6 shows steps undertaken to 

purify the freshly extracted fruit juice. Filtered juice was purified using a centrifuge at a rate of 4500 

rpm for 5 minutes to control the remaining pulp. This was repeated thrice for each 15 mL centrifuge 

tube (sample) placed in the centrifuge, Z326K (supplied by Hermle Labortechnik GmbH). Then pulp-

free centrifuged juice was again filtered through a filter paper, and the filtrate was transferred into a 

suction flask. The filtered juice was taken into a clean 1800 mL bottle.  

 

 

 

 

 

a 

b 
c 



 
 

162 
 

 

 

Figure C.6: Photograph samples in various purification stages for freshly extracted juice (i.e., bitter 

melon juice). The symbols a or b, c or d, and f represent freshly extracted fruit juice, centrifuged, filtered 

fruit juice, and e represents the centrifuge with samples inside. 

 

Finally, the juice sample bottles were cleaned following the procedure detailed above. Then all juices 

were bottled (Figure C.7) and stored at temperatures ranging from 276.15 to 277.15 K in a fridge. These 

bottled juices were used to analyse their physicochemical composition analysis following the 

procedures detailed below.  

   

Figure C.7: A photograph of bottled purified fruit juices. The symbols a, b, and c denote pineapple, 

bitter melon, and grape fruit juice. 

 

C.3. Characterisation of materials 
Water 

Ultrapure Millipore water obtained from the Millipore-Q system (Fusion 320 model) supplied by SUEZ. 

from the MUT research laboratory was characterised to ensure that ions were not present. The most 

critical properties considered were conductivity and pH, reflecting water purity. These were measured 

�X�V�L�Q�J���D�Q���2�U�L�R�Q���6�W�D�U���$���������S�+���&�R�Q�G�X�F�W�L�Y�L�W�\���%�H�Q�F�K�W�R�S���0�H�W�H�U�����V�X�S�S�O�L�H�G���E�\���7�K�H�U�P�R���6�F�L�H�Q�W�L�I�L�F�Œ�����I�U�R�P��

a b c 

d e f 

a b c 
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the MUT research laboratory. The pH meter and conductivity meter had an accuracy of ±0.002 and 

�“�������������6���� 

 

Fruit juice s 

The chemical compounds of freshly squeezed fruit juices were quantified through sample 

characterisation analysis. The characteristics include pH, soluble solids (expressed in mg/100g), 

ascorbic acid, moisture content, total ash and lipids content (Fernandes et al., 2011). All results were 

expressed in mg.(100 mL)-1. This was carried out using the Department of Analytical Chemistry and 

research laboratory facilities at MUT. The characterisation of fruit juices was carried out before the 

equilibrium data measurements. 

 

They were repeated five times for all analyses using the procedure described in the NIST (National 

Institute of Standards and Technology) Source  Database (Taylor and Kuyatt, 1994). The accuracy of 

collected data was assessed through uncertainty or relative deviation on measurements.  

 

Water content  

Determining moisture content in the investigated fruit juices was performed using a direct method 

(AOAC, 2005). An oven dryer method that utilises a physical separation was used, depicted in Figure 

C.8. To avoid any loss of volatile constituents, a vacuum oven dryer, model FSOM 4 (supplied by 

Labcon), was used to remove moisture content. Before measurements, ash crucibles were soaked in a 

5% (v/v) nitric acid solution for 24 hours to remove traces of impurities. Then it was washed with soapy 

liquid and rinsed with Ultrapure Millipore water. An initial mass of 10 g for the fruit juice sample was 

prepared in an ash crucible using an accurate analytical balance, model AS220/C/2 (supplied by 

RADWAG) with an uncertainty of ±0.0001 g in mass to prepare juice solutions with an uncertainty 

level of ±0.5 mL gravimetrically. Samples were placed in a vacuum oven dryer at 343±0.2 K for 24 

hours until concordant weights were obtained. The difference between final and initial weight was 

considered as moisture content. Measurements were performed in quintuplicate, and average values 

were reported in Table 3.2.  
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Figure C.8: �3�K�R�W�R�J�U�D�S�K�V���G�H�S�L�F�W�L�Q�J���K�R�Z���I�U�X�L�W���M�X�L�F�H�V�¶���Z�D�W�H�U���F�R�Q�W�H�Q�W���Z�D�V���P�H�D�V�X�U�H�G�����7�K�H���V�\�P�E�R�O�V��a, b, 

and c represent crucible with a known quantity of fruit, vacuum oven drier interior with juice samples, 

and desiccator with samples after drying. 

 

Total solids  

The dried matter that remains after moisture removal (Figure C.8c) is commonly known as total solids 

(AOAC, 2005). Measurements were performed in quintuplicate, and average values were reported in 

Table 3.2. 

  

Total ash 

The determination of ash content for the investigated fruit juices was performed using a muffle furnace, 

model AAF11/7 (supplied by Carbolite-Gero). An air-dried sample was accurately weighed in 

previously weighed ash crucibles using a digital analytical balance. Each dried sample with a known 

mass was placed on a porcelain tripod stand inside the muffle furnace (Figure C.9) and kept at 303.15±5 

K for 0.5 hours with an open vent. Then the vent was closed, and the temperature was slowly increased 

by 20 K up to 623.15 K until a white to grey ash was obtained. This indicates the endpoint for 

experiments. Then, the ash crucibles were later removed from the furnace to a desiccator to cool to 

room temperature. The difference in final weight to that of the initial empty crucible weight was 

considered ash value (AOAC, 2005). Measurements were performed in quintuplicate, and average 

values were reported in Table 3.2. 

 

 

 

a b c 
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Figure C.9: A photograph of the ash content of fruit juices being determined. The symbols a, b, and c 

�U�H�S�U�H�V�H�Q�W���W�K�H���I�X�U�Q�D�F�H�¶�V���L�Q�W�H�U�L�R�U���Z�L�W�K���Y�D�F�X�X�P���G�U�L�H�G���M�X�L�F�H���V�D�P�S�O�H�V���D�Q�G���W�K�H���R�E�W�D�L�Q�H�G���D�V�K���D�I�W�H�U���L�Q�F�L�Q�H�U�D�W�L�R�Q�� 

 

Fats 

The lipids content for the investigated fruit juices was determined using a Soxhlet extractor  

(Figure C.9), model R108 S-FB (supplied by Behr Labor-Technik GmbH). Glassware was rinsed with 

petroleum spirit, drained and dried in an oven dryer at 378.15 K for 1 hour, and cooled in a desiccator. 

A dried and grounded sample with a known mass was placed in a porous thimble of a Soxhlet extractor 

with a cotton plug at its mouth. Then, the thimble was placed in an extraction chamber suspended above 

the round bottom flask and below a condenser. The previously weighed flask contained solvent 

(methanol, petroleum ether, or methanol-chloroform). The solvent selection depends on the type of 

lipids (polar or non-polar) contained in investigated fruit juice. The assembly was fixed with a 

condenser to avoid overheating the solvent. The whole assembly was adjusted, and the flask was heated 

using a heating mental for 6-8 hours to extract crude lipids. After the extraction, the condenser and 

thimble were removed from the Soxhlet extractor apparatus, and the solvent was removed under reduced 

pressure to afford crude lipids. Then, they were placed into the oven dryer and kept at 373.15 K for 1 

hour to remove residual solvent, cooled in a desiccator and weighed. Measurements were performed in 

quintuplicate, and average values were reported in Table 3.2. 

 

 

 

a b c 
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Figure C.10: A photograph of the fats content of fruit juices being determined. The apparatus set-up 

and schematic diagram of the Soxhlet extractor are depicted in photographs a and b. Stirrer bar/anti-

bumping granules (1), Extraction pot (round bottom flask) (2), Distillation path (3), Soxhlet Thimble 

(4), extraction solid (5), Syphon arm inlet (6), Syphon arm outlet (7), Reduction adapter (8), condenser 

(9), Cooling water out (10) and in (11), respectively. 

 

Asorbic acid (Viatmin C) 

�7�K�H���G�H�W�H�U�P�L�Q�H�G���I�U�X�L�W���M�X�L�F�H�V�¶���D�V�F�R�U�E�L�F���D�F�L�G���F�R�Q�W�H�Q�W���Z�D�V���G�H�W�H�U�P�L�Q�H�G���X�V�L�Q�J���D���Y�R�O�W�D�P�P�H�W�U�L�F���D�Q�D�O�\�V�H�U�����P�R�G�H�O��

R108 S-FB (supplied by Behr Labor-Technik GmbH). This analyser was equipped with the counter, 

reference, and working electrode cell. The platinum disc electrode (Metrohm, 2 mm diameter) was 

rinsed with ultrapure millipore water. Then it was mechanically cleaned by polishing it on alumina 

(Merck, 63-200 µm granularity) and electrochemically by applying a -1.5 V potential pulse for at least 

5 seconds. A juice sample volume of 50 mL was prepared and used for each measurement. Calcium 

chloride (0.34 mol/L) solution was used as a supporting electrolyte. The voltammetric analyser was 

kept at 295.15 K. During the measurements, the potential pulse scan ranged from 100 to 1000 mV with 

a scan rate of 50 mV/s. All voltammograms for stirred analysed solutions were recorded.  

 

 

 

 

 

 

 

a b 
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APPENDIX D 

KINETIC DATA  

D.1. Initial conditions  

Degree of subcooling  

 

FigureD.1: Degree of subcooling for carbon dioxide and bitter melon system during an induction time 

experiment at a target temperature of 275.15 K and varying pressures. The dotted line is the hydrate 

phase equilibrium line for the carbon dioxide + pure bitter melon juice system.  

 

 

 

 

271 273 275 277 279 281

1

1,5

2

2,5

3

3,5

4

4,5

5

1

1,5

2

2,5

3

3,5

4

4,5

5

271 272 273 274 275 276 277 278 279 280 281

P
re

ss
ur

e 
(M

P
a)

Temperature (K)

Bitter melon (96.5 wt.%)
Degree of subcooling (274.15 K)
Degree of subcooling (275.15 K)
Degree of subcooling (276.15 K)



 
 

169 
 

 
Figure D.2: Degree of subcooling for carbon dioxide and bitter melon juice system during an induction 

time experiment at a target temperature of 274.15 to 276.15 K and varying pressures. The dotted line is 

the hydrate phase equilibrium line for carbon dioxide + bitter melon juice system.  

 

Figure D.3: Degree of subcooling for carbon dioxide and pure pineapple juice system during an 

induction time experiment at a target temperature of 274.15 to 276.15 K and varying pressures. The 

dotted line is the hydrate phase equilibrium line for the carbon dioxide + pure pineapple juice system.  

271 272 273 274 275 276 277 278 279 280 281 282

1

1,5

2

2,5

3

3,5

4

4,5

5

1

1,5

2

2,5

3

3,5

4

4,5

5

271 272 273 274 275 276 277 278 279 280 281 282

P
re

ss
ur

e 
(M

P
a)

Temperature (K)

Bitter melon (97.4 wt.%)
Degree of subcooling (274.15 K)
Degree of subcooling (275.15 K)
Degree of subcooling (276.15 K)

271 272 273 274 275 276 277 278 279 280 281 282 283

1

1,5

2

2,5

3

3,5

4

4,5

5

1

1,5

2

2,5

3

3,5

4

4,5

5

271 272 273 274 275 276 277 278 279 280 281 282 283

P
re

ss
ur

e 
(M

P
a)

Temperature (K)

Pineapple (91.1 wt.%)
Degree of subcooling (275.15 K)
Degree of subcooling (276.15 K)
Degree of subcooling (274.15 K)



 
 

170 
 

 

Figure D.4: Degree of subcooling for carbon dioxide and pineapple juice system during an induction 

time experiment at a target temperature of 274.15 to 276.15 K and varying pressures. The dotted line is 

the hydrate phase equilibrium line for carbon dioxide + pineapple system.  

 

Figure D.5: Degree of subcooling for carbon dioxide and pure grape juice system during an induction 

time experiment at a target temperature of 274.15 to 276.15 K and varying pressures. The dotted line is 

the hydrate phase equilibrium line for the carbon dioxide + pure grape system.  
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Figure D.6: Degree of subcooling for carbon dioxide and grape juice system during an induction time 

experiment at a target temperature of 274.15 to 276.15 K and varying pressures. The dotted line is the 

hydrate phase equilibrium line for carbon dioxide + grape juice system.  
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D.2. Kinetic parameters  

Induction time 

 

Figure D.7: Measurements of carbon dioxide hydrates growth in a pineapple juice system during an 

induction time experiment at a target temperature of 274.15 K and varying pressures. 

 

Figure D.8: Measurements of carbon dioxide hydrates growth in a pineapple juice system during an 

induction time experiment at a target temperature of 275.15 K and varying pressures. 
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Figure D.9: Measurements of carbon dioxide hydrates growth in a pineapple juice system during an 

induction time experiment at a target temperature of 276.15 K and varying pressures. 

 

Figure D.10: Measurements of carbon dioxide hydrates growth in a pineapple juice system during an 

induction time experiment at a target temperature of 274.15 K and varying pressures. 
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