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Introduction 

Magnetic nanoparticles consisting of iron oxide (Fe2O3, Fe3O4) or iron/iron(III) oxide (Fe/Fe3O4) have enormous potential in 

applications of a myriad of disciplines including catalysis [1-3], therapeutic biomedicine [4-6] and contrast-bio-imaging 

[7,8]. Consequently, various synthetic approaches for MNPs have been widely investigated, with extensive modifications that 

suit each specific application [9]. The magnetic property provides additional advantages of utilization including convenient 

separation, anchorage, and as a carrier medium [10-12]. In addition, MNPs can be used in combination with other materials 

such as zeolites for enhanced applications such as bio-catalysis [13,14].  

 

Abstract 

Effective optimization of the degradation of cellulose into glucose, via a magnetic catalyst is achieved, for the first time, using 

statistically guided modification of reaction conditions. A highly efficient procedure for the large-scale synthesis of iron/iron(III) oxide 

(Fe/Fe3O4) 

magnetic nanoparticles (MNPs), functionalized with sulfamic acid, has been developed. The acid functionalized MNPs have been used 

successfully, as a heterogeneous catalyst in the hydrolysis of cellulose to glucose and other yeast-convertible sugars, with a cellulose 

conversion of >50%. Optimization of the reaction conditions for the catalytic reactions has been accomplished, via the Doehlert matrix 

statistical approach. The Catalyst has been recovered up to 82% of its original weight, over 20 reaction cycles, with only marginal 

losses 

of magnetic property and catalytic activity. Based on its’ robustness and efficiency, we propose that the above catalyst is an excellent 

candidate for the industrial production of ethanol from plant cellulose. 
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Magnetic core-shell nanoparticles have contributed to the advancement in the field of catalysis as novel bi-functional 

materials [15]. The shell carries a drug or functional group(s) that brings about catalysis, and/or anchors the particle to the 

substrate, and the magnetic core aids in separation, and in turn, the recycling of the catalyst [10,16]. Although the synthesis 

and functionalization of MNPs has progressed, enhancing their applicability tremendously, most synthetic techniques fail 

when attempted at larger scales [17]. This has greatly limited their use in industry and clinical applications [17]. We report an 

efficient procedure for the synthesis of acid functionalized MNPs that has been scaled up successfully, to obtain high material 

yields. 

 

Cellulose is the most abundant natural organic polymer on earth and consequently, the largest source of biomass [18]. It is 

composed of long chains of D-glucose monomers, linked via β-1,4-glycosidic bonds. Cellulose can be hydrolyzed into its 

constituent glucose and other corresponding C6 and C5 sugars, via cleavage of the β-1,4-glycosidic bonds. The above process 

holds paramount significance in converting seemingly benign organic matter such as grass, wood waste and agricultural 

waste into industrially relevant materials such as ethanol, monomers of useful polymers and hydrocarbons [19,20]. Existing 

methods of cellulose degradation include the use of dilute mineral acids [21,22] supercritical water [23,24], ionic liquids 

[25,26], photo-conversion [27] and the use of enzymes [28,29]. These processes have significant challenges in separation, 

waste management, catalyst recovery, product yields, and the necessity of harsh and reaction conditions. Consequently, 

heterogeneous catalytic techniques have continuously evolved, as an attempt to address these drawbacks [30,31]. However, 

these processes have significant disadvantages in that they require flammable hydrogen gas and expensive noble metals, and 

the products have less applicability compared to glucose. Recently, research has shown that solid particles, functionalized 

with acid moieties, prove to be far more efficient catalysts for cellulose degradation [32]. 

 

The goal of this study was to develop a robust catalyst, with the potential to be used in an industrial scale, for production of 

ethanol via degradation of cellulose. We report, an effective scale-up synthesis of Fe/Fe3O4 core-shell MNPs, functionalized 

with sulfamic acid, as an efficient catalyst for the hydrolysis of cellulose into glucose. Reaction conditions for the above 

process have been optimized, for the first time, using the Doehlert matrix statistical approach. The results obtained provide 

valuable insight on how to enhance catalyst activity, in terms of product yield and selectivity as well as its reusability, in a 

systematic manner. 

 

Experimental  

All chemicals were purchased form Sigma-Aldrich and used without further purification. 

 

Large scale synthesis of acid functionalized Fe/Fe4O3 MNPs 

 

Synthesis of hexadecylamine hydrochloride HAD × HCl: 30.05 g (0.1245 mol) of hexadecylamine (HDA) was combined 

with 650 ml of hexane and stirred vigorously under argon, until dissolved. Next, the flask was placed in an ice bath and 32 ml 

of HCl in 1,4-dioxane was added to the mixture (1:4 molar ratio of HDA:HCl) and stirred for 20 min. A white precipitate 

formed immediately, and was separated using vacuum filtration and dried under vacuum. 
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Synthesis of Fe/Fe4O3 MNPs: The synthetic approach used here is a slight variation of procedures reported in literature [1-

3]. A mixture of 500 ml 1-octadecene (ODE), 7.0 g hexadecylamine hydrochloride (HAD × HCl) and 7.5 ml oleylamine was 

mechanically stirred (BODINE MOTOR, type NSP-11, # B0698049, 115V, 1350 RPM) at 120°C for 30 min, under argon. 

Next, the mixture was heated to 180°C and 25.0 ml of iron (0) pentacarbonyl (Fe(CO)5) was added dropwise, while stirring, 

for 1 hour. Then the mixture was cooled to room temperature and the MNPs were allowed to precipitate out of solution. The 

supernatant was then removed and the nanoparticles were washed 5 times with 150 ml of hexane and ethanol each, 

respectively. 

 

Coating of MNPs with silica and 3-amino-propyltrimethoxysilane (APTES): 600 ml of 2-propanol was added to the 

MNPs, followed by 30 min of mechanical stirring while sonicating via an ultra-sonic bath (Cole-Parmer ultrasonic cleaner). 

Next 75 ml of NH4OH was added, followed by another 20 min of stirring and sonication. 15.0 ml of tetraethoxysilicate 

(TEOS) was added to 150 ml of 2-propanol and given dropwise to the above reaction mixture over 3 hours, with stirring and 

sonication. After the dropwise 5 addition, the mixture was reacted for an additional 3 hours. The nanoparticles were then 

collected with a magnet at the bottom of vessel and washed 5x with 150 ml ethanol and dried under vacuum and weighed. 

The nanoparticles were then dispersed in 600 ml of toluene and sonicated for 30 min, followed by refluxing at 110°C. 3.0 ml 

of 3-aminopropyl triethoxysilane (ATPES) was added to the above mixture and stirred and sonicated for 20 min. After 

completion of the reaction, the nanoparticles were collected and washed 5 times each, with 150 ml of toluene and methylene 

chloride, respectively. 

 

Coating of silica-APTES coated MNPs with sulfamic acid: The nanoparticles were suspended in 150 ml of methylene 

chloride and chlorosulfonic acid (0.8 ml added for each 0.5 g of nanoparticles), and 50 ml of methylene chloride was added 

dropwise to the mixture over 20 min under argon. Finally, the nanoparticles were collected and washed 5 times with 150 ml 

of methylene chloride and dried under vacuum. An average weight of 12 g to 15 g of nanoparticles was collected for each 

synthetic batch (SCHEME 1). 

 

 

SCHEME 1. (a) Synthesis procedure for the sulfamic acid functionalized, iron/iron(III) oxide magnetic nanoparticles. 

Note that both nanolayers that are formed upon addition of TEOS and APTES, are thicker than one layer. 
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Characterization of non-functionalized and acid functionalized MNPs: Characterization of the non-functionalized and 

acid functionalized MNPs was carried out using TEM, SEM, EDX, XRD, FTIR, ICP and dynamic light scattering (DLS) and 

zeta potential measurements. The TEM samples were prepared by immersing carbon-coated 200-mesh copper grids into a 

solution of nanocatalysts, followed by washing the grids with dropwise chloroform and drying overnight in a desiccator. The 

dried grids were analyzed with a Philips CM 100 microscope operated at 100 kV. High-resolution TEM was recorded on FEI 

Tecnai F20XT, 200 kV; FEI, Hilsboro, OR. Powder X-ray diffraction (XRD) patterns were obtained on a Bruker D8 X-ray 

diffractometer with Cu Kα radiation. SEM images were taken using JEOL JSM-6480LV scanning electron microscope. EDX 

was performed using 7 the above instrument in low vacuum mode. ICP-OES experiments were carried out using a Varian 

720-ES Inductively Coupled Emission Spectrometer [33]. The following wavelengths were utilized for quantitative element 

measurements: N: 174.272 nm; C: 247.856 nm; Si: 251.611 nm; S: 180.734; Fe: 259.940 nm. The quantitative analysis was 

based on calibration with element standards in 1N HNO3, with the exception of N, which consisted of HNO3 in H2O. 

 

Determination of the number of -NH-SO3H groups via titration: The amount of -NH-SO3H groups loaded onto the 

MNP surface was determined as follows: 5.0 mg of MNPs from each batch were dispersed in 5.0 ml DI water and vortexed 

(Fisher Scientific Analog Vortex Mixer) for 5 min. Next, the mixtures were titrated with a 0.10 M NaOH solution. The initial 

pH of the MNP solution was 2.76, which is indicative of unreacted amine groups, which function as a buffer. Based on the 

titration volumes, the number of moles of NaOH, which correspond to moles of -NH-SO3H, was calculated. The loading 

capacity was found to be 4.2 × 10
-4

 moles of sulfamic acid groups per 1.0 gram of MNPs, corresponding to 3.2% by weight 

(FIG. 1). 

 

 

FIG. 1. pH Titration of 5.0 mg MNP in 5.0 ml DI water. From this data, an apparent 

pKa=4.85 was determined. 

 

Cellulose degradation experiments: Commercial cellulose powder was purchased from Sigma Aldrich (microgranular). 

0.25 g of cellulose powder was dispersed in 20.0 ml of distilled water and sonicated for 20 min. Next, the relevant amount of 

acid functionalized MNP catalyst was added to the mixture and sonicated for another 15 min. This mixture then reacted under 

high pressure in the Parr reactor (Parr Series 5500 High Pressure Compact Laboratory Reactor) at 1000 psi, at the relevant 
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temperature and time (initially 180°C and 1 hour respectively). Control experiments were conducted at 170°C and 1 h, at a 

starting pH of 2.76, excluding the MNP catalyst. The pH was adjusted by adding sulfuric acid. 

 

Characterization of glucose and other cellulose degradation products: After the high-pressure reaction, MNPs were 

separated at the bottom of the vessel using a magnet and the supernatant was decanted. Next the collected solution was 

filtered through Millipore 0.45 μm syringe filters to remove the residual MNPs. The filtered solution was analyzed via HPLC 

(Shimadzu Prominence) and FTIR (Thermo Scientific NICOLET 380 FT-IR Spectrometer). 

 

The amount of unreacted cellulose, after reaction was determined as follows: After reacting, the magnetic MNPs and a 

portion of adsorbed cellulose and other solids were separated using a 0.5 T permanent magnet. The supernatant was decanted 

off. The supernatant was then centrifuged at 10,000 rpm, at 5°C for 15 min., to remove any residual solids. The solid phases 

were combined and dried overnight in a drying oven at 70°C. The weight of the MNPs was deducted from the total solid 

weight to determine the remaining weight of cellulose. The MNPs were washed with hexane 50 mL per 1 mg of MNPs to 

remove all organic and polymeric residues (mostly 5-HMF and polymerized 5-HMF). The MNPs were stored for 24 h at 

60°C prior to weighing. Sugar analysis was conducted using an HPLC 9 RCM-Ca
2+

 monosaccharide column (300 Å~7.8 

mm; Phenomenex, Torrance, CA) with a refractive index detector. The HPLC was calibrated to external standards for 

sucrose, glucose, fructose, and maltose, using 80°C deionized water at a flow rate of 0.6 mL per minute. During HPLC 

analysis, samples were alternated with known standards to ensure accuracy of the measurements. 

 

Doehlert matrix study on cellulose degradation conditions: In order to optimize the reaction conditions for cellulose 

degradation via acid functionalized MNPs, a Doehlert matrix study was conducted [34]. The latter is a statistical tool used in 

analytical sciences to experimentally determine optimum reaction conditions of a process. The model allows simultaneous 

changing of two or more reaction conditions, thereby significantly reducing the number of experiments necessary for an 

optimization study. We chose the simplest form of Doehlert matrix, which is characterized by the change of two reaction 

parameters; namely, catalyst percentage by cellulose weight and reaction temperature. Each matrix consists of a center point, 

which has known experimental conditions for the two chosen parameters. This point is probed in positive and negative 

directions, with an interval determined by the researcher. Next, each parameter is multiplied by a factor given in the model, 

generating a two-factor matrix. One such matrix consists of seven experiments in total, with a middle center point and six 

probe reactions, depicting the corners of a hexagon (TABLE 1). Conditions for the first matrix, designed for catalytic 

optimization are given in TABLE 1. 

 

TABLE 1. Conditions for Doehlert matrix 1 for cellulose degradation experiments. 

 

Experiment Factor 1 Catalyst % by 

cellulose wt. 

Calculated catalyst 

wt./mg 

Factor 2 Temperature/°C 

1 0 8 20 0 180 

2 1 12 30 0 180 
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3 0.5 10 25 0.866 197 

4 -1 4 10 0 180 

5 -0.5 6 15 -0.866 163 

6 0.5 10 25 -0.866 163 

7 -0.5 6 15 0.866 197 

 

After completion of the experiments in matrix 1, the parameters leading to the generation of the highest glucose concentration 

were determined via HPLC. Subsequently, matrices 2 and 3 were designed for further optimization of reaction conditions. 

Matrix 2 did not require conducting seven new experiments, but only three new experiments, which extended into a second 

matrix, in combination with four experiments from matrix 1 (TABLE 2). 

 

TABLE 2. Conditions for Doehlert matrix 2 for cellulose degradation experiments (Temperature taken to the closest 

integer value). 

 

Experiment Factor 1 Catalyst % by 

cellulose wt. 

Calculated catalyst 

wt./mg 

Factor 2 Temperature/°C 

5 0 6 15 0 163 

6 1 10 25 0 163 

1 0.5 8 20 0.866 180 

8 -1 2 5 0 163 

9 -0.5 4 10 -0.866 148 

10 0.5 8 20 -0.866 148 

4 -0.5 4 10 0.866 180 

 

In matrix 3, the intervals for reaction parameters were adjusted to be smaller, in order to closely investigate the optimal 

conditions (TABLE 3). 

 

TABLE 3. Conditions for Doehlert matrix 3 for cellulose degradation experiments. 

Experiment Factor 1 Catalyst % by 

cellulose wt. 

Calculated catalyst 

wt./mg 

Factor 2 Temperature/°C 

11 0 4 15 0 170 

12 1 6 25 0 170 

13 0.5 5 20 0.866 179 

14 -1 2 5 0 170 

15 -0.5 3 10 -0.866 161 

16 0.5 5 20 -0.866 161 

17 -0.5 3 10 0.866 179 
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Further optimization experiments: A separate set of experiments were conducted at optimum temperature and catalyst % 

values (i.e. 170°C and 2% respectively), while the reaction being stopped each hour. The solid phase (MNP-cellulose-by 

product mixture) was separated out by centrifuging and the supernatant was replaced with distilled water, and pH adjusted to 

2.76 via addition of HCl. 

 

Results and Discussion 

Acid functionalized iron/iron(III) oxide (Fe/Fe4O3) nanoparticles 

In synthesizing magnetic Fe/Fe4O3 nanoparticles (MNP’s), functionalized with sulfamic acid groups, we have taken into 

account lessons from earlier research on magnetic nanoparticle catalysts reported in the literature [35-38]. Most importantly, 

stable Fe cores under catalysis conditions reported here cannot be achieved without introducing an inner silica shell through 

controlled reaction of TEOS at Fe3O4. APTES alone does not lead to the formation of a tight shell around Fe/Fe3O4, leading 

to rapid corrosion in aqueous reaction environments. Scale-up production of these nanoparticles was successfully achieved in 

our laboratories to 12 g to 15 g per batch, resulting in 50 g in total. The MNPs were characterized using TEM (FIG. 2 and 3) 

and XRD (ESI FIG. S1) and DLS (ESI, FIG. S2 and S3) experiments. The pH 12 of the reaction mixture before and after the 

cellulose degradation reaction was 2.6 and 2.3, respectively 

 

 

FIG. 2. TEM images of MNPs. Top left and right: non-functionalized MNPs. Bottom left 

and right: acid functionalized MNPs. 

 

The elemental composition of the sulfamic acid functionalized magnetic Fe/Fe3O4-core/shell nanoparticles, as obtained from 

EDX and ICP-OES (ESI FIG. S4) is summarized in TABLE 4. Both the above methods yielded principally the same result. 

It is noteworthy that the initial carbon and nitrogen content originates from APTES, as well as, potentially, hexadecylamine 

hydrochloride remaining on the surface. The latter is also responsible for the traces of chlorine found. 
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FIG. 3. SEM images of MNP aggregates. A: x 12,000, B: x 50,000. The quasi-fractal nature of the aggregates is clearly 

discernible. 

 

TABLE 4. Elementary composition of the sulfamic acid functionalized Fe/Fe3O4-core/shell nanoparticles in weight %. 

 

Method C N O Si S Cl Fe 

EDX 15.78 - 26.96 10.80 2.63 0.33 38.03 

ICP-OES 15.43 6.37 - 11.73 2.64 - 37.14 

 

Catalytic activity of the acid functionalized MNP particles 

Catalytic reactions generated a mixture of sugars due to degradation of cellulose (ESI FIG. S5). The -NH-SO3H moiety, on 

the functionalized MNPs is responsible for the hydrolysis of the glycosidic bonds in cellulose, resulting in generation of 

glucose monomers. However, glucose can easily isomerize into the 5-membered ring fructose and this in turn, can undergo 

dehydration to produce 5-hydroxymethylfurfural (5-HMF) (SCHEME 2). 

 

 

 

SCHEME 2. Mechanistic paradigm for observed products in cellulose hydrolysis. 

The generation of 5-HMF is a highly undesirable feature in cellulose degradation, because it is toxic to ethanol producing 
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yeast. [39]. Apart from consumption of the major product glucose, this creates several other key disadvantages to the process. 

One issue is that it can undergo Diels-Alder reaction to form polymers, which can accumulate as solids in the reaction 

mixture, which disrupts separation of unreacted cellulose from products, stirring speed etc. (SCHEME 3). 

 

 

 

SCHEME 3. Possible products from Diels-Alder reaction between 5-HMF molecules, and further reactions. 

 

As already mentioned, 5-HMF is toxic to yeast, which is commonly used in fermentation of glucose to produce ethanol. 

Therefore, feeding the products of cellulose degradation to the fermenting plant, including 5-HMF as a side product, often 

causes inefficiency in ethanol production. Hence, development of a catalyst that selectively catalyzes the reaction under 

conditions that minimize the production of 5-HMF, is highly desirable. 

 

During our initial experiments, we observed the formation of glucose at a concentration of approximately 0.1 mg/ml and a 

number of other C6 and C5 sugars, along with dimers sucrose and maltose. It was evident that optimization of the reaction 

conditions was necessary in order to improve the glucose yield and selectivity. We have employed the Doehlert matrix as a 

statistical model, to investigate optimum reaction temperature and catalyst percentage by cellulose weight, for the cellulose 

hydrolysis reaction. 

 

Optimization of reaction conditions for cellulose degradation via the Doehlert matrix 

 The first Doehlert matrix was designed to probe a temperature range of ± 20°C, at starting point of 180°C and a catalyst 

range of ± 4%, at a starting 8% point within Doehlert conditions (Experimental Section, TABLE 4, experiments 1-7, and 

FIG. 4). Since experiment #4 gave the highest glucose concentration, followed by #5 and #6, we explored lower reaction 

temperature conditions by conducting three other experiments, which resulted in matrix 2 (TABLE 4, experiments 8-10). 

 

The lower temperatures did not seem to significantly increase the glucose content. Hence, a third matrix was designed, with 

relatively narrow temperature and catalyst probe limits (± 9°C and ± 2% respectively) to closely investigate the regions of 

conditions that give higher glucose concentrations. The amounts of 5-HMF formed are also included for comparison 

(TABLE 4, experiments 11-17). 
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TABLE 5. Results of Doehlert matrices 1, 2 and 3. 

 

Experiment Catalyst % by 

cellulose wt. 

Temperature/°C Glucose conc./mg/ml 

(± 0.01) 

5-HMF conc./mg/ml 

(± 0.01) 

1 8 180 0.35 0.20 

2 12 180 0.32 0.18 

3 10 197 0.22 - 

4 4 180 0.38 0.23 

5 6 163 0.37 0.44 

6 10 163 0.34 0.46 

7 6 197 0.34 0.03 

8 2 163 0.35 0.26 

9 4 148 0.01 0.11 

10 8 163 0.25 0.17 

11 4 170 0.25 0.33 

12 6 170 0.10 0.26 

13 5 179 0.17 0.20 

14 2 170 0.34 0.42 

15 3 161 0.09 0.35 

16 5 161 0.10 0.28 

17 3 179 0.28 0.19 

 

Experiment #14 was identified as the optimal reaction condition point from matrix 3 and was used as the point of 

reference for further. 

 

 

FIG. 4. Investigation of optimum experimental conditions for cellulose degradation via Doehlert matrices. The red 

circle depicts the overall optimum point. 
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Further optimization experiments 

The matrices shed light onto optimum reaction conditions, governed by the change of reaction temperature and catalyst % 

by cellulose weight. However, the optimum point #14 generated a higher concentration of 5-HMF when compared to 

glucose. It is possible that other factors, such as reaction time, may play a key role in how much glucose can be 

collected before it is further converted to 5-HMF. To investigate the above, we conducted two other experiments using 

the same reactions conditions as experiment #14, but changing the reaction time from 1 hour to 3 and 5 hours respectively 

(experiments #18 and #19). It was evident that after 3 hours, the amount of glucose produced was significantly increased. 

However, at 5 hours it was far less, indicative of high degree of by-product formation. It is noteworthy that relatively lower 

catalyst amounts and temperatures produce higher concentrations of glucose. 

 

TABLE 6. Time dependent glucose optimization experiments. 

Experiment Catalyst % by 
cellulose wt. 

Temperature/°C Reaction 

time/hrs 

Glucose content 

mg/ml (± 0.01) 

5-HMF conc./mg/ml 

(± 0.01) 

18 2 170  3 0.62 0.11 

19 2 170 5 0.18 0.10 

 

In determining optimum reaction conditions, we also considered the conversion % of cellulose mass and the ratio between 

amounts of glucose and 5-HMF formed, during the reaction. Some key results are discussed below (TABLES 6 and 7). 

 

TABLE 7. Time dependent glucose optimization experiments: Key results. 

 

Experiment Glucose conc./mmolL
-

1
 

5-HMF 

conc./mmolL
-1

 

Glucose: 5-HMF 

ratio 

Conversion of 

cellulose mass/% 

4 2.11 1.82 1.2 27.12 

8 1.94 2.06 0.9 18.96 

14 1.89 3.33 0.6 19.04 

18 3.44 0.87 4.0 24.4 

19 1.00 0.79 1.3 29.2 

 

It is evident from data depicted in TABLE 6 that when determining optimum conditions, the ratio of glucose to 5-HMF 

formed becomes a key factor. A higher glucose content alone or higher conversion of cellulose does not represent the overall 
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effectiveness of the process. Experiment #18 is clearly identified as the optimum point in terms of amount of glucose formed 

as well as glucose: 5-HMF ratio (See SI for details on experiments 1-20). 

 

It is apparent that after the high-pressure reaction, the supernatant becomes concentrated with the reaction products and 

decomposition components from the acid functionalized MNPs. The pH change for the mixture, before and after reaction 

was 2.76 to 4.42. After the reaction, the MNPs were separated out by centrifuging and the supernatant appeared light 

brown in color. This layer is not magnetic hence the brown color is not due to presence of MNPs, but rather due to 

impurities from reactor/reaction mixture or dissolved Fe
3+

. In contrast, the solid phase appeared highly magnetic. 

 

We conducted a series of experiments where reactions were conducted at optimum temperature and catalyst % values, but 

the reaction was stopped each hour, the solid phase (MNP-cellulose-by product mixture) was separated out by centrifuging 

and the supernatant was replaced with distilled water, pH adjusted to 2.76 (TABLE 7). By replacing the solvent each hour. 

we remove the products and other unwanted impurities and prevent glucose produced from converting to 5-HMF. By 

adjusting the pH, we have recreated the protonation state of the sulfamic acid groups at the surface of the magnetic 

nanoparticle catalyst after synthesis (FIG. 1). Adjusting the starting pH to 2.76 significantly contributes to the observed 

increase in efficiency of cellulose hydrolysis and the observed maximum of glucose formation. It is noteworthy that 

carrying out the reaction at 170°C in an aqueous solution of pH 2.76 (starting) in the absence of the nanoparticle catalyst 

yielded a completely different distribution of products compared to the catalyzed reaction. The pH after 1h of reaction was 

above 5.5 in all cases. The main product formed under these conditions was 5-HMF, followed by 5-HMF oligomerization, 

as indicated in SCHEME 3. This finding clearly demonstrates why the use of sulfamic acid functionalized Fe/Fe3O4 core-

shell nanoparticles are advantageous when producing sugars from cellulose. 

TABLE 8. Results of the 20 cycle catalytic study with solvent replacement every hour. 

Experiment Glucose conc./mgml
-1

 5-HMF conc./mgml
-1

 

20-1 0.00 0.32 

20-2 0.34 0.38 

20-3 0.42 0.25 

20-4 0.23 0.10 
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20-5 0.17 0.06 

20-6 0.24 0.05 

20-7 0.16 0.04 

20-8 0.18 0.00 

20-9 0.14 0.00 

20-10 0.38 0.00 

20-11 0.26 0.00 

20-12 0.10 0.00 

20-13 0.04 0.00 

20-14 0.08 0.00 

20-15 0.04 0.00 

20-16 0.04 0.00 

20-17 0.03 0.00 

20-18 0.00 0.00 

20-19 0.00 0.00 

20-20 0.00 0.00 

Control 0.00 0.976 

 

The above optimization experiments lead to the production of a significant concentration of glucose, up to 11 

cycles. A higher concentration of 5-HMF is produced during the first 2 cycles, but this decreases rapidly up to cycle 7. There 

are no detectable amounts of 5-HMF formed after cycle 7. The total concentration of glucose formed after 20 cycles is 2.88 

mg/ml and that of 5-HMF is 1.2 mg/ml. The control experiment (with MNPs) did not produce a significant amount of glucose 

(0.02 mg/ml), but generated a significant concentration of 5-HMF 0.17 mg/ml) (TABLES 8 and 9). 

 

The total yield of glucose and 5-HMF obtained by weight, per weight of reacted cellulose was calculated. In comparison with 

yields from optimum points from matrices 1, 2 and 3, and extended optimization experiments, it is evident that replacing the 

solvent each hour gives far better yields for the major product glucose, while reducing the production of unwanted 5- HMF 

(FIG. 5). 
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FIG. 5. Concentrations of glucose and 5-HMF formed during 20-cycle study. 

 

TABLE 9. Yield percentages of glucose and 5-HMF and total conversion of cellulose for key experiments. 

 

Experiment Yield of glucose/% Yield of 5-HMF/% Conversion of cellulose 

mass/% 

4 3.04 1.84 27.12 

8 2.8 2.08 18.96 

14 2.72 3.36 19.04 

18 4.96 0.88 24.4 

19 1.44 0.80 29.2 

20 (All cycles) 23.04 9.6 >50 

 

 

 

 

FIG. 6. Concentrations of glucose and 5-HMF formed with reaction time. 

 

After 20 cycles with solvent replacement, more than 50% of cellulose mass was converted into sugars (ESI FIG. S6). The 

major product was glucose with 23.04% weight yield and 5-HMF was produced at a much lower 9.6% yield. The MNP 
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catalyst recovery after 20 cycles was 82%. The catalyst remained magnetic after 20 cycles, indicating that the Fe core is 

intact (FIG. 6). The high recovery and stability of the catalyst, together with high scalability in synthesis, makes it an 

excellent candidate for industrial applications. In particular, this method will be advantageous in ethanol production from 

plant matter, where 5-HMF levels need to be carefully controlled due toxicity to yeast, during fermentation. 

 

We have successfully accomplished a scale-up synthesis procedure for efficient production of sulfamic acid functionalized 

iron/iron(III) oxide (Fe/Fe3O4) core-shell MNPs. The procedure allows synthesis of 12 g to 15 g of MNPs per reaction batch, 

and a total product yield of 50 g was achieved after 4 synthesis batches. The acid functionalized MNPs have been used as a 

heterogeneous catalyst for degradation of cellulose to predominantly glucose and other sugars with a >50% conversion of 

cellulose. The catalytic ability of the material has been optimized for the first time using the Doehlert matrix approach. 

Further optimization was carried out in order to enhance the glucose selectivity and yield. The catalyst appears to be quite 

robust, with 82% weight recovery, achieved over 20 reaction cycles with only marginal loss of magnetic property and 

catalytic activity. The above results depict a true possibility of utilizing the catalyst for the industrial scale production of 

ethanol via degradation of plant cellulose. 
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