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ABSTRACT: Chitosan is typically produced by the deacetylation of biopolymer chitin. Its 

molecular weight (Mw) is a function of the chitin source and the deacetylation conditions. It 
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remains a challenge to both control the Mw of chitosan and obtain good polydispersity, essential 

for optimal function of chitosan in different applications. This study explores the use of 

mechanochemistry and aging as effective methods towards the controlled reduction of the Mw of 

commercial high Mw chitosan (HMwChs) with phosphoric acid where Mw was measured by gel 

permeation chromatography (GPC). In comparison to conventional solution-based methods, this 

new mechanochemical process features improved process mass intensity in comparison to 

conventional techniques and affords low Mw chitosan (LMwChs) samples in a range of 200 to 

19.5 kDa, with a polydispersity of 1.8.  

 

INTRODUCTION: Chitin is a biopolymer composed of N-acetylglucosamine units, which can 

be extracted from various biomass waste streams including crustaceans, cephalopods, insects, 

and fungus in large scale annually.1 It is the second most abundant biopolymer after cellulose 

and as such, constitutes the core component of the shell-biorefinery,2 as a part of blue-

biorefinery. Chitosan, as the deacetylated version of chitin, is a linear polysaccharide with amine 

functionality.3 Chitosan features unique and attractive properties such as antimicrobial ability,4, 5 

biocompatibility,6 and biodegradability,7 applicable to many fields including biomedicine,8 

food,9 agriculture,10 cosmetics,11 and water treatment.12  Chitosan properties are largely 

dependent upon two features: its degree of deacetylation (DDA) and Mw.13-15 Control over Mw 

is desirable as it can have considerable influence on the performance of the material in different 

applications. For instance, high Mw chitosan has a positive effect on water treatment by 

flocculation,12 while, in aqueous solutions, viscosity increases sharply as a function of chitosan 

Mw,16 so applications requiring aqueous processing usually favour lower Mw.17 In another 
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example, chitosan with Mw of 3000 Da showed the highest ability to inhibit pH decreases in 

dental plaque to reduce enamel surface damage, outperforming chitosan with Mw of 500 Da.18 In 

food packaging, Liu and co-workers discovered that high Mw chitosan (HMwChs, 110 kDa) 

improved the mechanical properties, barrier properties, wettability and stability of packaging to 

extend the shelf life of strawberries in comparison to chitosan with lower Mw (50 kDa and 7 

kDa).19  Yet the control of chitosan Mw is challenging. Namely chitosan Mw depends on two 

factors: 1) the chitin source, as various biomass possesses different inherent chitin Mw and 2) 

deacetylation conditions, as alkaline conditions trigger concomitant deacetylation and glycosylic 

bond hydrolysis. Because it is not possible to independently control both reactions, deacetylation 

efficiency dominates the choice of reaction parameters and the resulting Mw chitosan is imposed 

by them. Thus, the development of methods towards controllable Mw reduction for chitosan is 

essential to afford chitosan of defined Mw. Table 1 compares approaches to chitin and chitosan 

hydrolysis. Controlled depolymerization of HMwChs is commonly performed in solution by acid 

hydrolysis,20-22 oxidative depolymerization,23, 24 or enzymatic degradation.25 Most acid cleavage 

processes use hydrochloric, sulfuric, and phosphoric acid (Table 1, entries a-c),26-28,29 while 

oxidation relies on H2O2 with a catalyst such as phosphotungstic acid (Table 1, entry d).23 

Enzymes are also powerful agents for Mw reduction, achieving LMwChs in the low Mw range 

on 20-40 kDa,30 or even oligosaccharides (Table 1, entries e and f).46 

Solid-state chemistry, especially mechanochemistry, has recently emerged as a way to 

significantly reduce or eliminate the amount of solvent in a chemical process.31-33 

Mechanochemistry utilises mechanical force to trigger chemical phenomena, and has been 

shown to allow a reduction in the amount of needed auxiliary substrate, chemical reaction 

acceleration,34 and reduction energy requirement.35 Besides reactions happening during 
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mechanical treatment, the concept of aging has been introduced, in which reactions take place in 

the solid phase, after an initial mixing phase.36 These solid-state methodologies are well suited in 

the context of biomass conversion, especially because such starting materials tend to be 

insoluble,37 and have shown great promise in the context of chitin extraction, 38, 39 and 

conversion.39, 40  Mechanochemistry has been used for the deacetylation of chitin into chitosan in 

a process pioneered by Yan and co-workers.41 Chitin was ball-milled with solid NaOH to trigger 

both amide deacetylation and the nucleophilic attack of the chitin glycosidic bonds by hydroxide 

ions.42 The Yan process afforded LMwChs with a tunable Mw of 1 – 13 kDa, with an excellent 

polydispersity index (PDI) at 1.1. Subsequently, our group introduced an aging phase to the 

process to afford high Mw chitosan.43 While these processes afford chitosan in one pot, the 

precise control of the Mw was difficult because deacetylation cannot be decorrelated from 

hydrolysis.  

Other methods have been explored to specifically depolymerize chitin using acid 

catalysed hydrolysis by ball milling, as demonstrated by Fukuoka and co-workers.44, 45 During 

the process, chitin was milled extensively with mineral acid and a carbon-based solid catalyst in 

a planetary milling system to produce water soluble chitin-oligosaccharides with high selectivity. 

However, given the poor solubility of macromolecule chitin, the reaction mechanism of reducing 

chitin Mw, while still retaining its polymeric properties with the mechanochemical approach, 

was not investigated. With aging methods, the Giraud-Guille group used HCl vapours in the 

solid-state hydrolysis of chitosan, but the high polydispersity of the resulting chitosan hinders the 

applicability of the developed process (Table 1, entry g).28  

Table 1. Summarization of the features of past works and present study on chitosan/chitin 

hydrolysis. 
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Entry Active components/ 

method 

Pros Cons Ref. 

a Chitosan, 2 M HCl/ 

solution state 

Quick reduction, 

very low Mw 

Reflux, 

large amount of acid used, 

low Mw control 

20 

b Chitosan, 72 mM H2SO4 

/ solution state 

Low acid 

concentration 

Low yield (54%), 

low Mw control 

26 

c Chitosan, 85% H3PO4 / 

solution state 

Wide Mw range, 

high purity 

Large amount of acid, 

low yield (49.3%) 

21 

d Chitosan, 2% H2O2, 

0.1% Phosphotungstic 

acid / solution state 

Quick reaction, 

low H2O2 and acid 

concentration 

Chitooligosaccharide only 23 

e Chitosan, No. 7-M 

chitosanase / solution 

state 

Mild conditions 

(37˚C) 

Chitooligosaccharide only 46 

f Chitin, H2SO4 

 / Mechanochemistry 

Little amount of acid 

used 

N-acetylated monomer 

only 

45 

g Chitosan, HCl vapour / 

Aging 

Mild conditions Long reaction time 

High polydispersity 

28 

i Chitosan, trifluoroacetic 

acid / solution state 

Mild conditions  Large amount of acid used 

(5000 v/w%) 

47 

i Colloidal chitin, 4M 

HNO3 / solution state 

Uniform product  Large amount of acid 

used, 

N-acetylated monomer 

only 

48 

j Chitosan, 85% H3PO4 / 

Mechanochemistry and 

aging 

High PMI 

Mild conditions 

Wide Mw range 

Excellent PDI 

Long reaction time for the 

smallest Mw range 

Present 

study 

 Herein we report a method combining mechanochemistry and aging for the conversion of 

HMwChs into LMwChs with Mw ranging from 858.7 to 19.5 kDa. This method leads to chitosan 

product with excellent PDI as low as 1.8. In particular, by varying our conditions, we can target 

Mw in the range of 20 to 200 kDa with PDI of 4 or under. We investigated the kinetics of this 

process during the mechanochemical and the aging steps to better understand the controlled 

chitosan Mw reduction. We investigated reaction parameters including milling time, aging time, 
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and quantity of H3PO4. We also compared two sources of phosphoric acids, 85% H3PO4 and 

crystalline H3PO4 in order to gain insight on the role of water during the hydrolysis reaction. 

Finally, we demonstrate that our process features an improved process mass intensity (PMI) as 

compared to a comparable solution state method.  

 

RESULTS AND DISCUSSION:  

Mechanochemical hydrolysis of chitosan with a mixer mill 

We first explored the mechanochemical hydrolysis of commercial HMwChs (Mw 310–375 kDa) 

with 85% H3PO4 (Scheme 1). A Retsch MM 400 mixer mill equipped with 

polytetrafluoroethylene (PTFE) SmartSnap grinding jars (15 mL) and one 7 mm zirconia ball in 

each jar was used. Reaction conditions include 2 or 4 equivalents of 85% H3PO4 (based on 

glycosidic bond) and milling time of 30, 60 or 90 min under 29.5 Hz. After set milling time, acid 

hydrolysis was stopped by triturating the resulting powders in deionised (DI) water. NaOH 

solution (1 M) was used to adjust the acidic aqueous solution to pH 12, where all excess H3PO4 

and phosphates on the free amine groups of chitosan monomers were converted to trisodium 

phosphate salts. These salts, along with free NaOH, were removed by repeatedly washing with 

DI water,49 leaving reduced Mw chitosan as a precipitate that was recovered by freeze-drying. 

Each chitosan sample produced in this experiment was abbreviated as αeq/βm in which α refers 

to the equivalents of acid used in milling and β refers to the milling time in minutes.  
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Scheme 1. Mechanochemical-based phosphoric acid hydrolysis of chitosan to αeq/βm. Typical 

experimental conditions: HMwChs (250 mg), α=2 or 4 eq. of H3PO4 (273 or 547 mg) are loaded 

into a PTFE jar with a 7 mm ZrO2 ball and milled for β minutes (β = 30, 60 or 90) 

 

The recovered chitosan was characterized by 13C magic angle spinning nuclear magnetic 

resonance (NMR) to probe structural modification, quantitative 31P NMR to check full removal 

of phosphate salts, and GPC in an acetic acid buffer consisting of 0.25 M acetic acid and 0.25 M 

sodium acetate.  The original commercial HMwChs was measured to have an Mw value of 

2686.9 kDa by GPC. We first tested the effect of ball milling for 30 to 90 min with 2 or 4 

equivalents of 85% H3PO4 and measured the chitosan Mw (Figure 1, Table S2). The Mw of 

Sample 2eq/30m by GPC was 857.8 kDa, suggesting the method was successful in hydrolysing 

the chitosan. Longer milling time further reduced the Mw with values of 325.2 and 225.0 kDa 

for 2eq/60m and 2eq/90m, respectively. As the number of 85% H3PO4 equivalents was doubled 

to 4, a dramatic increase in hydrolysis efficiency was observed in the measured Mw with values 

of 116.8, 97.7, 77.3 kDa for 4eq/30m, 4eq/60m and 4eq/90m, respectively (Figure 1, Table S2). 

The highest degree of Mw reduction was achieved for 4eq/90m, in which the Mw was reduced 

by 77.4%. Interestingly the process also afforded reduced PDI.  While the starting HMwChs 

featured an average PDI of 11.58, this value dropped to 9.7 for 2eq/30m and 2.5 for 4eq/30m. 

The developed process created a narrower distribution in Mw which is a desired feature of 
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polymeric materials in application.50-52 Solid state 13C NMR spectra were acquired for all 

samples which showed that the molecular structure of chitosan was not altered after hydrolysis. 

Solution state 31P NMR spectra were also acquired to confirm that the end products are pure and 

free of phosphate residues. All NMR spectra can be found in the Supplementary Information 

(SI). 

 

   

 

Figure 1. Effect of milling time and 85% H3PO4 equivalents on Mw of HMwChs milled in PTFE 

jar. (lines, left axis: Mw, red line 2 eq. and black line 4 eq.; Bars, right axis: PDI, red bar 2 eq. 

and black bar 4 eq.) Typical experimental conditions: HMwChs (250 mg), α=2 or 4 eq. of H3PO4 

(273 or 547 mg) are loaded into a PTFE jar with a 7 mm ZrO2 ball and milled for β minutes (β = 

30, 60 or 90) 
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Figure 2. Effect of milling time with 2 equivalents of 85% H3PO4 on particle size distribution of 

HMwChs milled in PTFE jar, expressed in distribution standard deviation (orange bars), average 

size (dashed blue line) and median size (solid gray line). All samples were dispersed in 

isopropanol. 

 

Comminution is an important, yet often overlooked, effect of mechanochemical treatment, so we 

turned to granulometry to study the effect grinding introduced by the mixer-mill on the particle 

size of chitosan.  Figure 2 shows the change in particle size distribution as a function of milling 

time for starting material and samples treated with 2 equivalents of 85% H3PO4 for 30, 60, and 

90 min, expressed in standard deviation, average size and median size. The starting material 

featured an average particle size of 729 μm with a standard deviation (SD) of 239 μm. After the 
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first 30 min of milling, particles did increase in size, with 2eq/30m particles having an average 

particle size of 862 μm with a standard deviation of 314 μm. This increase in particle size and 

standard deviation is possibly caused by initial agglomeration of particles through binding of 

chitosan as a solid particle with 85% H3PO4 as a fluid. Further milling caused comminution, as 

2eq/60m and 2eq/90m had an average particle size of 288 and 236 μm, respectively. and SD of 

136 to 66.6 μm respectively. These results showed that milling beyond 60 min allowed a 

reduction in both particle size and size distribution from the starting material. For all samples, 

the median and average values of the measured distributions were similar and thus indicated 

fairly symmetrical distributions. The occurrence of comminution and agglomeration phenomena 

is intrinsic to the material being processed as a result of the mechanical properties.53 The 

grinding of fragile particles was described in previous studies as a process of reduction of 

particle size first, and then agglomeration of the particles occurs, which was not the case that we 

observed on the grinding of chitosan with 85% H3PO3.
54  In contrary the trend observed on our 

system followed the pattern of grinding ductile materials, in which the two stages happen in 

opposite order.55  

 

 In another series of test, we mixer-milled HMwChs alone in a PTFE jar for 30 min and 

then exposed it to 2 equivalents of 85% H3PO4. This sample was then homogenized with a 

mortar and pestle to ensure some contact is established between the sample and reagent. In 

another trial, HMwChs and 2 equivalents of 85% H3PO4 were mixed with a mortar and pestle. 

The Mw of both samples was calculated over 2000 kDa with no statistical difference (2416.2 ± 

271.5 with milling, 2040.0 ± 119.7 with mortar pestle). These result also did not suggest 
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significant reduction in Mw from the starting material (2686.9 kDa) with these treatments. These 

tests demonstrate that H3PO4 is needed for hydrolysis to take place during the mixer milling part.  

 

The lowest chitosan Mw value reported for this method was 77.3 kDa with 4eq/90m. Yet in high 

value applications such as pharmaceutics, the preferred Mw can be as low as 8 kDa for drug 

release applications.56-58 We explored longer milling times, but found that while they afforded 

some improvement with 2 equivalents, they did not improve the 4 equivalents series. 

Additionally, they caused a significant rise in temperature, from room temperature (25.4°C) to 

40.6°C after 90 min and 50.5°C at 180 min, which we thought would make the rationalization of 

mechanochemical vs. thermal effects difficult to disentangle beyond 90 min milling (see 

Discussion S1 in SI). We thus sought a method to further hydrolyse chitosan, and considered 

aging as a viable approach.36, 43, 59, 60 

 

Hydrolysis of chitosan with combined mechanochemical and aging treatment 

As this reaction proceeds through the hydrolytic cleavage of the chitosan glycosylic 

bond, water is consumed. Therefore, we explored aging under high humidity levels, and directly 

used the reaction samples after ball milling with 2 or 4 equivalents of 85% H3PO4 for 30, 60 or 

90 min, to aging at 50 ℃ under 98% relative humidity (RH) for 0 to 48 h, as described in 

Scheme 2. We called the overall process, “Mechanochemical and Aging-based Phosphoric Acid 

Hydrolysis” (MABPAH). Each chitosan sample produced in this experiment was abbreviated as 

αeq/βm/δh in which α refers to the equivalents of acid used in milling; β refers to the milling 

time in min; and δ refers to the aging duration in hours.  
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Scheme 2. Aging of mechanochemically produced chitosan αeq/βm into further Mw reduced 

αeq/βm/δh. Typical experimental conditions: αeq/βm were aged at 50℃ under 98% RH for δ h 

(δ = 3 to 48). 

 
The Mw of samples after MABPAH were measured by GPC and presented in Figure 3. 

The most drastic Mw reduction observed for 2eq/30m/3h: the Mw dropped from 857.8 kDa for 

2eq/30m to 297.9 kDa for 2eq/30min/3h, a 65.3% reduction assisted by 3 h of aging. In this 

example, with the lowest amount of H3PO4 added, the shortest milling time, and the shortest 

aging duration, the combination of mechanochemical milling and aging had a profound effect in 

chitosan depolymerization. Additional Mw reduction on 2eq/30min sample was observed with 

aging from 6 to 48 h; 2eq/30min/48h (77.3 kDa) was comparable to for the milled-only 

4eq/90min (77.3 kDa). The assistance of 48 h aging was as effective as doubling amount of acid 

used and tripled milling time in terms of hydrolysis performance. Another interesting point is 

that aging seems to attenuate the effects for different milling times. With 2 equivalents, after 48 h 

of aging, samples achieved Mw of 72.2, 66.7 and 51.1 kDa for 30, 60 or 90 min milling, 

respectively. The significant gap of calculated Mw of 654.7 kDa between 2eq/30min and 

2eq/90min converged to around 21.1 kDa through 48 h of aging on the respective samples 

2eq/30min/48h and 2eq/90min/48h. As seen in Figure 3, Mw reduction was most effective over 
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the first 6 h, with diminishing returns towards the total aging duration of 48 h. Importantly, this 

reaction condition, 2eq/90min/48h afforded excellent mass balance, with an overall yield of 92% 

(Table S1). This result, combined with the lowering of the chitosan PDI as the reaction 

progressing, is a clear indication that the hydrolysis reaction happens favourably internally rather 

than on chain end. 

The effect of aging on extending the mixer-mill based acid catalysed chitosan hydrolysis 

reaction when the amount of acid was doubled to 4 equivalents was also studied. With the 

increased amount of H3PO4 the attenuation of the effects of milling times was even more 

profound. The Mw between 4eq/30min, 4eq/60min, and 4eq/90min converged after 48 h aging to 

around 20 kDa. Furthermore, Mw reduction was achieved more quickly at the higher acid 

content. The Mw of 4eq/30min/24h was 27.0 kDa, only slightly higher than that of 

4eq/60min/24h (23.5 kDa) and 4eq/90min/24h (25.3 kDa).  This can be attributed to the higher 

reaction kinetics facilitated by the doubled the amount of acid which enables chitosan hydrolysis, 

ultimately reaching a plateau around 20 kDa, which is comparable value to many other existing 

methods of LMwChs synthesis by hydrolysis.20, 21, 30 The mass balance was however affected by 

the larger amount of reagent, as the yield was 52% for 4eq/30min/48h (Table S1). 
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Figure 3. Effect of aging time on the Mw of HMwChs under MABPAH. Typical experimental 

conditions: αeq/βm were aged at 50℃ under 98% RH for δ h (δ = 3 to 48). 

 

Aging had a profound effect on the sample PDI as shown in Figure 4. After only 3 h of 

aging, the PDI of 2eq/30m dropped from 9.7 to 3.7 for 2eq/30min/3h. The measured PDI of the 

samples decreased with 48 h of aging and levelled off at about 2.0, regardless of the amount of 

acid used or the milling time in hydrolysing the chitosan.  
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Figure 4. Effect of aging time on GPC calculated PDI of HMwChs under MABPAH. Typical 

experimental conditions: αeq/βm were aged at 50℃ under 98% RH for δ h (δ = 3 to 48). 

 

The role of water in the mechanochemical and aging steps in chitosan hydrolysis  

When going from 2 equivalents (273 mg) of 85% H3PO4 to 4 (547 mg), the quantity of 

acid changes, the latter also contains 48 mg more H2O. We sought to understand which 

component had the most effect in improving hydrolysis for the 4 equivalents H3PO4 reaction. 

Chitosan was thus milled with 2 equivalents of 85% H3PO4 and an additional 48 mg H2O for 30 

min, followed by a 24 h aging under 98% RH. Under these conditions, the Mw of 2eq/30m with 

extra water was 2218.1 kDa (PDI 17.2), which means significantly less Mw reduction took place 

than with regular 2eq/30m (Mw = 858.7 kDa, PDI = 9.7). After 24 hours of aging, the Mw of the 

sample with water was reduced to 122.2 kDa (PDI 2.3), which was slightly higher than 

2eq/30m/24h (Mw = 113.7 kDa, PDI = 2.6). The extra water slowed the reaction significantly 

during the milling stage, while during the aging stage, it seems to have a marginal detrimental 

effect. This is possibly due to the dilution of H3PO4, as the concentration of 85% H3PO4 dropped 
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to 74% effectively with the addition of water. Another possible explanation is that the liquid 

assist grinding (LAG) conditions are altered and affect reaction progress, as the LAG coefficient 

η goes from 0.76 to 0.96. 33  

To confirm the effect of high humidity on aging, chitosan was milled with 2 and 4 

equivalents of 85% H3PO4 for 30 min, then subjected to 24 h aging at the same temperature 

under static vacuum conditions with the presence of phosphorus pentoxide as drying aging for 

moisture removal. Under these dry aging conditions, the Mw of 2eq/30min/24h was 113.8 kDa 

(PDI 3.0), similar to samples aged for 12 h under 98% RH. In comparison, the Mw of 4eq/30min 

was 30.9 (PDI 2.2), which interestingly is also obtained from samples aged for 12 h at 98% RH. 

Although these numbers suggest that chitosan hydrolysis still occurs during dry aging, the 

reaction rate was significantly slower in dry conditions than in 98% RH, indicating high RH does 

play a key role in chitosan hydrolysis.  

 

 

The influence of the form of acid 

The mechanism of acid catalysed hydrolysis with the presence of water is well 

understood. In the H3PO4-catalysed chitosan hydrolysis reaction, other than the fraction of 

phosphate anions which form salts on the glucosamine free amine groups, the rest of acid 

catalytically activates the glycosidic oxygen, leading to the cleavage of the glycosidic linkage. 

With the addition of one H2O molecule, the reaction results in two fragments of chitosan 

polymeric chain with the chain length shorter than the original chitosan polymer. Thus, water is 

essential for the reduction in chitosan Mw. We studied the role of water in the MABPAH process 

using crystalline, anhydrous H3PO4 in comparison with the 85% H3PO4 aqueous solution. All 

other parameters of the process were kept identical to allow for a direct comparison. With 
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anhydrous H3PO4, the acid no longer carries water, as a reagent for the cleavage of the glycosidic 

linkage. During the initial mechanochemical step, the only source of water is chitosan itself. A 

thermogravimetric analysis (TGA) analysis revealed that the commercial HMwChs used in this 

reaction had a water content of 8.03%. Due to the absence of water from the acid added to the 

reaction. The reaction mixture of chitosan and 4 equivalents of crystalline H3PO4 did not turn in 

to a paste no matter the milling time. The reaction mixture did absorb moisture from the humid 

environment during aging and became a paste after 24 hr of aging. 

Figure 5 compares the effects of using 85% (left) vs crystalline H3PO4 (right) on chitosan 

Mw. After the milling step (aging time = 0 h), all samples showed a lower Mw and better 

dispersity with crystalline H3PO4, as compared to the 85% solution. For instance for 2eq/30min, 

crystalline H3PO4 afforded a Mw of 408.0 kDa, with a PDI of 5.2, whereas we obtained 858.7 

kDa (PDI of 9.7) with 85% H3PO4. With crystalline H3PO4, under conditions where water is 

restricted, milling likely leads to the formation of pockets of ultra-concentrated H3PO4, which 

can expedite the reaction. After the initial milling step, high humidity aging was performed 

(Figure 5, aging time >0), and both acid forms showed the reaction continued, to attain similar 

Mw after 48 h. Both acid forms do afford a similar kinetic of Mw reduction between aging time 

3 and 48 h. This is consistent with the fact that the samples were then exposed to high humidity 

and could both rapidly adsorb water to further support Mw reduction. With 2 equivalents, the 

Mw rapidly converged to similar values rapidly, as after 6 h of aging, the Mw obtained, for 

crystalline resp. 85% H3PO4, were 191.5 and 198.9 kDa for 2eq/30min/6h, 146.2 resp. 156.2 kDa 

for 2eq/60min/6h and 118.5 resp. 88.8 kDa for 2eq/90min/6h (Table S2). With 4 equivalents, 

both sources of acid also led to similar values, but later in the aging time, around 12 h of aging.  
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Overall, these results suggest that mechanochemical grinding creates a homogeneous 

mixture of chitosan and H3PO4 and likely activates the hydrolysis reaction with mechanical 

impacts. Subsequently, aging at elevated temperature allows the hydrolysis reaction to continue 

under an ultra-high local concentration of acid. Water, from either the 85% H3PO4 solution, the 

native chitosan, and/or absorbed from the humid environment, drives the hydrolysis reaction 

catalyzed by local acidic protons in the chitosan-H3PO4 mixture and allows the reaction to 

progress within the reaction mixture. This mechanism is reminiscent of work previously reported 

by our group on chitin oxidation with ammonium persulfate in solid state, high humidity aging 

conditions.40  
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Figure 5. Comparison of Mw reduction of HMwChs by MABPAH using 85% or crystalline 

H3PO4 in PTFE jar, and aged in a humidity chamber at 50˚C and 98% RH. 

 

Advantage of the method 

 

We compared the MABPAH process for chitosan treated with 85% H3PO4 with a 

solution-based method of H3PO4-catalysed chitosan hydrolysis reported by Jia and Shen.21 In 

their work, chitosan was mixed in a large quantity of 85% H3PO4 with constant stirring and 

heating at 60˚C, and the effect of reaction time and temperature on hydrolysis was investigated.21  

The MABPAH method eliminates the use of organic solvents, allowed the process to be done in 

a less complicated manner with the greener solvent water only in contrast to Jia and Shen’s 

method.61  MABPAH produces chitosan with precise control of Mw and narrow Mw distribution 

(PDI <2) which can be advantageous for obtaining specific Mw of chitosan for application 

development. For example, the optimum molecular weight for food packaging reported by Liu et 

al. was at 110 kDa.19 With MABPAH, chitosan with a Mw of 135.0 kDa and PDI of 2.3 can be 

produced through 4 equivalents of H3PO4 and 30 min milling. On the other end, 4eq/90min/24h 

afforded Mw at 25.3 kDa with a PDI of 1.9. Within this range of chitosan’s low Mw, conditions 

can be chosen to produce chitosan with more finely tuned Mw. For instance, 2eq/30min/48h 

afforded Mw at 61.1 kDa (PDI 2.1). Last but not least, all conditions mentioned above showed 

great reproducibility in triplicate, proving the liability of the Mw control achieved with present 

study. 

We also wanted to compare the two methods from a green metrics perspective. The 

solution-based method reported by Jia and Shen served as a comparison.21 In this method, 31 

equivalents of H3PO4 were used, vs 2 or 4 equivalents for MABPAH. The solution-based method 
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had a much higher calculated PMI of 6826, compared to 805 for MABPAH with 2 equivalents 

and 806 for the version with 4 equivalents. Additionally solvent use is much greater in the 

method of Jia and Shen at the workup level, although it is difficult to quantify because workup 

solvents quantities were not reported. One can say though that the Jia and Shen method relied on 

ethanol, likely in large quantity to precipitate chitosan out of the phosphoric acid solution and 

subsequently used in multiple washings, alongside water, for both ethylamine and NaOH 

treatments. For MABPAH, less than 0.5 L of water was used to work up 250 mg of chitosan. 

Finally, solutions already exist to recycle waste water from such processes, for instance with 

energy efficient non-thermal separation method such as reverse osmosis (RO) and forward 

osmosis (FO).62 The only leftover waste after water separation will be a concentrated aqueous 

solution of trisodium phosphate, which can be used in other application such as cleaning agent,63 

or to be used in pH adjustment in water treatment.64 

 

CONCLUSION: In this study, we present a solvent-free method to hydrolyse polydisperse 

HMwChs into LMwChs with narrow Mw distribution by a combination of mechanochemical 

ball milling with H3PO4 and aging in a humidity chamber.  With ball milling, increasing molar 

equivalents of H3PO4 or increasing milling time promoted chitosan Mw reduction and lower 

PDI. By applying aging after the milling process, chitosan hydrolysis continued to occur, leading 

to even lower Mw. The net effect of these two processes can lead to controlled chitosan 

hydrolysis of up to 94.3% of the starting MW of the chitosan to 19.5 kDa and PDI of 1.8. The 

use of anhydrous, crystalline H3PO4 initially promotes greater chitosan Mw reduction compared 

to 85% H3PO4.  However, the prolong aging under high humidity conditions normalizes the final 

Mw obtained.   
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 The MABPAH method provides novelty in using soft mechanochemical ball milling to 

initiate hydrolysis of chitosan, followed by again, to produce LMwChs with low polydispersity. 

It provides a green alternative to conventional solution-based chemistry in reducing more than 

85% of the H3PO4 required, no solvent use during reaction, no organic solvent in work-up and 

isolation of product, reduced energy consumption, and narrow Mw distribution. This method is 

simple with respect to the limited numbers of chemicals required and the use of non-

sophisticated equipment for operation. In conclusion, MABPAH enables precise production of 

low Mw chitosan with minimal low cost for crustacean material valorisation, which can be used 

in value-added applications from biomedicine, food, cosmetics, water treatment, and etc. 

 

EXPERIMENTAL: 

Materials 

HMwChs (310000-375000 Da as reported by company), deuterium oxide (99.9% D), and 

sodium acetate were purchased from Sigma-Aldrich Co. L.L.C. (St. Louis, MO, USA). 1 M 

NaOH solution was used to adjust pH and recover acid hydrolysed chitosan. Sodium hydroxide 

pellet, 85% O-H3PO4, anhydrous H3PO4, and acetic acid were purchased from Fisher Scientific 

L.L.C. (Ottawa, ON, Canada). A Shodex pullulan standard kit P-82 (mp 4400-788000) was 

purchased from Showa Denko K.K. (Japan).  

 

Milling 

In the following procedures, a Retsch MM 400 mixer mill was used, with 

polytetrafluoroethylene (PTFE) SmartSnap Jar (15 mL) manufactured by Form-Tech Scientific 

(Canada), equipped with 7 mm balls made of zirconia. 
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Controlled humidity chamber 

A controlled humidity chamber was used for aging experiments. The RH level was set 

and tested as 98%. The chamber consisted of a 180 mL glass crystallizing dish, which was filled 

with 50 mL of saturated aqueous solutions of K2SO4 to access targeted RH. After milling, the 

grinding jar containing the solid-state reaction mixture was placed inside the chamber. The 

overall chamber could be heated by placing in a Fisher Scientific Isotemp oven. 

 

Mechanochemical-based phosphoric acid hydrolysis experiments 

In a typical experiment, 250 mg of HMwChs with 2 equivalents (273 mg) or 4 

equivalents (547 mg) of H3PO4 to the glucosamine units were combined in the PTFE grinding 

jars, and milled for 30, 60 or 90 min with one 7 mm zirconia ball. Following milling, the reaction 

mixture was triturated in deionized (DI) water, worked up by adjusting to pH 11 with 1 M NaOH 

(335 mg for 2 equivalents, 670 mg for 4 equivalents) solution. The precipitate was washed 

repeatedly with DI water (160 mL) until neutral pH and freeze dried. 

 

Mechanochemical and aging-based phosphoric acid hydrolysis experiments 

In a typical experiment, chitosan was milled with H3PO4 as described in the previous 

step. After milling, the grinding jars containing the reaction mixture were transferred into the 

controlled humidity chamber and aged for 3 to 48 h at 50 ˚C. A brown caramel colour developed 

during the aging process overtime. The same work up and washing procedure was applied on the 

aged reaction mixture. Following milling and aging, the reaction mixture was triturated in DI 

water, worked up by adjusting to pH 11 with 1 M NaOH (335 mg for 2 equivalents, 670 mg for 4 

equivalents) solution. The precipitate was washed repeatedly with DI water (160 mL) until 
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neutral pH and freeze dried. Partially hydrolysed chitosan after drying had a pale off-white 

colour and a powdery look. 

 

Analysis – characterization – equipment details and methods. 

13C magic angle spinning nuclear magnetic resonance (MAS-NMR). NMR spectra were 

recorded on a Varian VNMRS operating at 400 MHz for the solid-state 13C acquisition using a 4 

mm double-resonance Varian Chemagnetics T3 probe. A contact time of 1000 μs and a recycle 

delay of 3 s were used to acquire quantitative spectra. Five hundred scans were acquired of each 

sample for a total time of 1.5 h. 

 

31P NMR. NMR spectra were recorded on a Varian VNMRS spectrometer operating at 500 MHz 

for 1H acquisitions with 0.3 M acetic acid D2O solution as solvent. The amount of phosphate 

residue after washing was quantitatively analysed with a 48.5 mM H3PO4 D2O sample as an 

indirect reference providing limit of detection of 0.061 mM, or 1.5% of phosphate formed on 

chitosan primary amie groups in present study. 

 

GPC. GPC measurements were performed by Agilent Technologies 1260 Infinity II GPC/SEC 

System with refractive index, light scattering multi-detector system. A OHpak SB-805 HQ GPC 

column from Shodex with target pullulan Mw range of 100 – 1000 kDa was used with 0.25 M 

acetic acid/sodium acetate solution. Dried chitosan samples were dissolved in the same acetate 

buffer solution. After dissolution, samples were filtered through 0.20 μm Whatman syringe filter 

before injection. Concentration of injected sample was 0.1% w/w; the injection volume was 100 

μL; the flow rate was 0.3 mL/min; temperature of the column and detectors was 40 ˚C. The 
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molecular parameters were calculated by the Agilent GPC data analysis software using K and a 

values from the Mark – Houwink equation for chitosan of degree of acetylation in the range of 

21 – 26%.65 The column was calibrated with pullulan standard kit P-82 purchased from Shodex 

(mp 4400-788000). 

 

Granulometry. Particle size distribution analysis was performed by Microtrac Flow Sync wet 

laser diffraction with particle size range from 0.020 to 2000 μm. Samples of chitosan (Refractive 

index = 1.70) were dispersed in isopropyl alcohol (RI = 1.38). The analysis was conducted at 

flow rate of 60% with 3 deaeration cycles. 

 

TGA. TGA analysis was performed on a Discovery 5500 from TA Instruments under nitrogen 

with balance flow rate at 10 mL/min and sample flow rate at 25 mL/min. The temperature was 

raised from room temperature to 800˚C at ramp rate of 10˚C/min. 

 

ASSOCIATED CONTENT 

The supporting information document is available online and contains additional methods 

information, data on the comparison of H3PO4 source on Mw reduction of HMwChs, as well as 

representative 13C NMR and 31P NMR spectra and representative GPC trace.  
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