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Abstract
The caramelisation process, involving sugar breakdown at elevated temperatures, produces brown-colouredcompounds known as caramel compounds, contributing to both colour and flavour. This study addressesdiscolouration in carbohydrate conversion utilizing activated carbon (AC) during the glucose isomerisationinto fructose, catalysed by the tertiary amine; N-[3-(dimethylamino)propyl]methacrylamide (DMAPMA).Powder-like (G-135-ID1000) and particle-like (G-306-4070) AC were introduced to the reaction medium toremove brown colour while preserving carbohydrate quantity. The AC-treated samples underwent analysisusing high-performance liquid chromatography (HPLC) and UV-visible spectrophotometry. Successfuladsorption of coloured byproducts onto the AC was indicated by the resulting colourless solution. HPLC analysisrevealed nearly unchanged concentrations of glucose, fructose and mannose, indicating selective removalof undesired coloured compounds by AC. The UV-visible spectrum of the reacted glucose sample shiftedleftward after purification, confirming the effective removal of absorbance peaks within the 260-380 nmrange. This study presents a promising approach to enhance the visual and compositional qualities of glucoseisomerisation reactions catalysed by DMAPMA. AC as a purification agent effectively addresses undesirablecolouration, offering a pathway for developing high-quality products with improved characteristics for diverseapplications in the food and industrial sectors.
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Introduction

Biomass stands out as the most appealingsubstitute material, as it represents thesole abundantly accessible carbon sourcebesides oil and coal. Biomass is composed ofvarious elements such as carbohydrates, fattyacids, lignin, lipids, proteins, and additionalcomponents. Notably, carbohydrates holdsignificant potential due to their status asthe predominant organic carbon reservoir(van Putten et al., 2013; Lu et al., 2022;Dharmapriya et al., 2023a). Among theconstituents of plant biomass, glucose standsas the most prevalent foundational component(Velvizhi et al., 2022). Isomerisation is awell known carbon-efficient method forforming rare monosaccharides from abundantones (Delidovich and Palkovits, 2016).The isomerisation of glucose into fructoseconstitutes a crucial stage in the production ofbiofuels through the subsequent dehydrationof fructose which is a ketose that is not asabundant in nature as glucose but is used fora wide range of products. Fructose has thehighest relative sweetness of any naturallyoccurring sugar while also having the lowestglycemic index (Bantle, 2006). It is highlysoluble in water and has a higher tendencyto absorb and retain moisture than othersugars (Yang et al., 2013; Delidovich, 2021;Guo et al., 2023). Furthermore, fructose isgaining popularity as a starting material inthe synthesis of bio-based chemicals like5-hydroxymethylfurfural (5-HMF), levulinicacid, and others (Dharmapriya et al., 2023b,c).In today’s industrial processes within the foodand pharmaceutical sectors, the conversion ofaldose (glucose) into ketose (fructose) throughisomerisation holds significant importance(Li et al., 2017; Guo et al., 2023). Thoughfructose exists in nature as a monomer ofinulin or levan, biotechnological fructoseproduction via glucose isomerisation appearsto be more economical (Delidovich andPalkovits, 2016; Ventura et al., 2022). As aresult, glucose isomerisation to fructose is a

vital reaction/industrial process with currentand future applications (Marianou et al., 2016;Gao et al., 2024).
The emergence of brown colour incarbohydrate conversion reactions isfrequently linked to the generation of Maillardreaction byproducts and the occurrence ofcaramelisation reactions (Agcam, 2022).The Maillard reaction denotes a complexchemical process that transpires when aminoacids interact with reducing sugars suchas glucose and fructose upon exposure toheat. On the other hand, caramelisationrepresents an additional mechanism capableof imparting a brown colour to the medium(Yang et al., 2023). This process entailsthe decomposition of sugars at elevatedtemperatures resulting in the creation ofan array of brown-coloured compoundsrecognized as caramel compounds. Thesesubstances are responsible for both the browncolouration and the characteristic flavourassociated with caramelisation (Lee et al.,2022). One of the crucial steps in carbohydrateconversion involves discolouration, aiming toeliminate the brown colour while preservingthe quantity of primary products (Yanget al., 2016; Chen et al., 2020). For thispurpose, in this study, a typical glucoseisomerisation reaction conducted with anN-3-(dimethylamino)propyl methacrylamide(DMAPMA) homogeneous catalyst wasmixed with powder-like (G-135-ID1000)and particle-like (G-306-4070) activatedcarbon (AC) to remove the brown colour ofthe medium while maintaining the amountof carbohydrate in the medium at a nearlyconstant.

Materials and Methods
Materials

D-glucose (C6H12O6, 99.5%), andD-fructose (C6H12O6, 99.5%), cholinechloride (C5H14NO ·Cl, 99%) werepurchased from Sigma-Aldrich (Germany).
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N-3-(dimethylamino)propyl methacrylamide(DMAPMA) (C9H18N2O, 99%) waspurchased from Sigma Aldrich (Japan).Powder-like (G-135-ID1000) and particle-like(G-306-4070) AC were obtained from ChinaCarbon Industry Co., Ltd.: Activated Carbon.All chemicals used were of analytical grade.The quality of the experimental procedurewas maintained using analytical gradechemicals while all chemicals used for analysiswere in certified analytical grade. All initialpreparation and the ultimate rinsing processwere carried out using freshly generateddeionized (DI) water.
Glucose isomerisation into fructose and
analysis

For the standard reaction procedure, 10% ofthe Bronsted base DMAPMA homogeneouscatalysts (concerning mass of glucose), alongwith 0.2 g of glucose, 1.0 g of choline chloride(ChCl), and 4.0 g of DI, were prepared within a20 mL high-pressure glass bottle and placedin a temperature-controlled oil bath. Theexperiment was conducted at a temperatureof 120 °C for 2 h. Afterward, the samplewas quenched in an ice bath to rapidly coolthem down and halt the ongoing reaction.The resulting solution was then dilutedand analysed using high-performanceliquid chromatography (HPLC). Quantitativeanalysis of glucose, fructose, and mannose wasperformed using a Waters Alliance e2695 HPLCsystem with a Waters RI 2414 refractive indexdetector. Samples were analysed utilizing anion-exchange chromatography column(Benson Polymeric-800 Ca, columnsize 300 × 7.8 mm) purchased fromBenson Polymeric Inc., under specificconditions including a sample size of 20 µL(30 mg mL–1), temperature of 85 °C, flowrate of 0.6 mL min–1, and DI water as theeluent. Calibration curves for the HPLCs weregenerated using a series of standard solutions,which allowed for the quantification of glucoseand fructose (Kourieh et al., 2013; Choudhary

et al., 2013; Kumar et al., 2020; Dharmapriyaet al., 2023b).
Purification the medium containing
fructose

After isomerisation of glucose into fructose,the colour of the reacted sample waschanged to brown due to the formationof caramel. This reduces the value of themain product as well. To remove the caramelcolour, AC was used while keeping themonosaccharide concentration constant. In atypical experiment, the concentration of thevarious sugars present in the reacted samplewas first determined using HPLC. Followingthat, 10 mL of the reacted sample was placedin a 20 mL sample bottle, and 0.05 g ofpowder-activated carbon or particle-activatedcarbon was added. The sample bottles werethen shaken for 12 h at a speed of 110 rpm.The solutions were then placed in 50 mLcentrifuge tubes and centrifuged at 10,000rpm for 10 min. The supernatant was collectedand analysed using HPLC to determine theconcentrations of different sugars present inthe sample, which were then compared withthe initial concentrations of sugars presentin the sample before removing the colour ofcaramel (glucose, fructose and mannose).Prior to AC treatment, samples reacted wereanalysed using UV-visible spectrophotometer(Hitachi U-2900) at room temperature, withina wavelength range of 200 - 800 nm. Thesamples for analysis were diluted 200 times,and DI water served as the control sample. TheAC-treated samples were then analysed witha UV-vis spectrophotometer to compare thespectrum before and after AC treatment.
Results and Discussion
Figure 1 shows the resulting colour ofexperiments involving 20 times dilutedreaction samples obtained using homogeneouscatalyst DMAPMA. These samples werecollected at various time points, specificallyat 0, 2, 5, 15, 20, 30, 45, 60, and 120 min.
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Figure 1. Photograph of reacted glucose samples with DMAPAM catalyst with reaction time after 20× dilution(0, 2, 5, 15, 20, 30, 45, 60, and 120 min).

Figure 2. Physical appearance of (a) powder-like (G-135-ID1000) and (b) particle-like (G-306-4070) AC,obtained from China Carbon Industry Co., Ltd.

Figure 2 shows the physical appearance ofpowder-like (G-135-ID1000) and particle-like(G-306-4070) AC samples.
Purification of reacted samples
The Maillard reaction is an intricate chemicalprocess that takes place when amino acids, orprimary/secondary amines, come into contactwith reducing sugars, such as glucose orfructose, under the influence of heat. Thisreaction is accountable for the browning andflavour development in a variety of foodwhen they are cooked, baked, roasted, orsubjected to other heat-related procedures.Nevertheless, it is worth noting that tertiaryamines, such as triethylamine, do not seemto participate in the Millard reaction. It issuggested that the majority of the observedcoloured byproducts result from the thermalbreakdown of carbohydrates, a process knownas caramelisation (Liu et al., 2014).

DMAPMA is a tertiary amine and acoloured byproduct of the glucose-reactedmedium mainly resulting from caramelisation.The purification of the reaction mixture isdifficult given the fact that the complexityof removal of undesired coloured byproductsthrough a straightforward purification methodusing AC. The resulting solution becomescolorless after filtration through PTFE filters(0.45 µm) to remove AC, indicating that thecoloured byproducts have been adsorbed ontothe AC as shown in Figure 3. Subsequent HPLCanalysis of the purified solution demonstratesthat the concentrations of glucose, fructose,and mannose remain nearly unchanged. Thissuggests that the activated carbon selectivelyremove the undesired coloured compounds.
Table 1 displays the HPLC data beforeand after the purification process using twotypes of activated carbon. Another observationreveals that the monosaccharide content after
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Figure 3. Purification of the reacted glucose samples using AC. (a) Photograph of reacted samples before andafter purification: Left to right: before purification by AC, after purification by powder-activated carbon, afterpurification by particle-activated carbon, (b) UV-vis spectrum of application of different purification methodsusing activated carbon.

activated carbon purification was significantlyhigher in the particle-activated carbon-treatedsample than in the powder-activatedcarbon-treated samples. This differencearises because the powder-activated carbonpossesses a larger surface area compared tothe particle-activated carbon, even thoughthey were present in equal amounts in thetreated sample. The enhanced adsorption ofmonosaccharide into the pores of AC occurredmore efficiently in the powder-like activatedcarbon than in the particle-like activatedcarbon.
Liu et al. (2014) noted that the UV-visspectra of the solution, both before andafter purification, provided evidence that thepeaks at 286 and 340 nm, attributing to the1,2-enediol intermediate and the colouredbyproducts respectively, removed by filtration.Previous studies have demonstrated that AChas been utilized for the removal of caramelcolour from various dietary and consumerproducts (Nasehi et al., 2012; Ahdno andJafarizadeh-Malmiri, 2015).
The effectiveness of particle andpowder-activated carbon applicationsfor colour removal in reacted glucose sampleswas assessed through two experimentalmethods: stirring using a magnetic stirrer

and shaking on a digital orbital shaker. In thestirring method, 10% (with respect to glucoseamount) of either particle or powder-activatedcarbon was submerged in the typical reactedglucose sample containing the homogeneousDMAPMA catalyst (0.2 g glucose, 1.0 g ChCl,4.0 g H2O, 10% DMAPMA, 30 min).
The mixture was then stirred for 2 husing a magnetic stirrer at a speed of 200rpm. In the other method, 10% of eitherpowder- or particle-activated carbon wascombined with the samples and agitated usingan orbital shaker at a speed of 120 rpmfor 2 h. Subsequently, the filtered sampleswere subjected to analysis with a UV-visspectrometer to determine the most efficientmethod for removing the brown color. Asdepicted in Figure 3(b), the initial UV-visspectrum of the reacted glucose sample priorto purification exhibited absorption between260 nm and 380 nm. After purification, thespectrum shifted to the left, indicating theremoval of the absorbance peak within the260-380 nm range. When comparing theeffectiveness of the removal methods, it wasobserved that particle-shaped AC applied withthe orbital shaker demonstrated the mosteffective colour removal, as illustrated in theUV-vis spectra.
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Table 1. Comparison of carbohydrate concentrations before and after AC treatment.
Experiment Glucose (mol L–1) Fructose (mol L–1) Mannose (mol L–1)1. Before activated carbon treatment 0.111 0.034 0.0092. After particle-activated carbon treatment 0.106 0.032 0.0073. After powder-activated carbon treatment 0.102 0.031 0.007

Conclusion

In conclusion, the study focused onaddressing challenges posed by colouredbyproducts, particularly those resultingfrom caramelisation during the glucoseisomerisation reaction catalysed by thetertiary amine N-3-(dimethylamino)propylmethacrylamide (DMAPMA). The Maillardreaction, a complex chemical processinvolving amino acids and reducing sugars,is well known for its role in browningand flavour development during variousheat-related cooking processes. Findingsalign with previous observations thattertiary amines, exemplified by DMAPMA,do not actively participate in the Maillardreaction. To mitigate undesirable colourationarising from caramelisation in glucoseisomerisation by DMAPMA, AC in bothpowder-like (G-135-ID1000) and particle-like(G-306-4070) forms were employed tothe reacted media. The resulting solutionunderwent a remarkable transformation froma coloured medium to colorless, signifyingthe successful adsorption of the colouredbyproducts onto AC. This purification processwas further validated through HPLC analysis,revealing nearly unchanged concentrationsof glucose, fructose, and mannose. Theretention of these crucial carbohydratecomponents underscores the effectiveness ofAC in selectively removing undesired colouredcompounds. The spectral analysis of the initialUV-visible spectrum of the reacted glucosesample provided additional insights. Theabsorbance peak observed between 260 nmand 380 nm, indicative of coloured compounds,shifted to the left after purification. Thisspectral change supports the conclusion that

AC successfully removed the absorbancepeak within the 260-380 nm range, furtheraffirming the efficient removal of colouredcompounds from solution. The researchintroduces a promising method for improvingthe visual and compositional attributes ofglucose isomerisation reactions under theinfluence of DMAPMA as a catalyst. EmployingAC as a purification agent proves successful inovercoming the issue of undesired colouration,paving the way for the creation of high-qualityproducts. This advancement holds significantpotential for diverse applications in the foodand industrial sectors, offering enhancedcharacteristics for end products.
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