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Abstract 

 In order to look into the insights of the influence of gamma irradiation and coagulation on the 

molecular weight distribution (MWD) of soluble organic substances in real paper mill 

effluent, various parameters of wastewater samples before and after treated were investigated, 

including chemical oxygen demand (COD), biochemical oxygen demand (BOD5), dissolved 

organic carbon (DOC) and absorbance at 254 nm wavelength (UV254) as well. In addition, the 

effects of irradiation on oxygen uptake and on acute toxicity were also presented. The results 

showed that irradiation alone cannot promote the biodegradability and oxygen uptake as 

originally expected. The whole acute toxicity of samples was reduced after gamma 

irradiation. On the other side, coagulation can not only effectively eliminate the sectors with 

high molecular weight (MW>3000 Dalton, in short HMW), but also improve the capacity of 

ionizing irradiation initiated the transformation of medium molecular weight (1000 

Dalton<MW<3000 Dalton, in short MMW) into low molecular weight (MW<1000 Dalton, in 

short LWM), which is readily degraded by the subsequently activated sludge process. 

1. Objective of the research 

The present paper is devoted to investigate the effect of ionizing radiation and coagulation on 

molecular weight distribution of the soluble organic compounds in paper mill wastewater. 

Various parameters including chemical oxygen demand (COD), biochemical oxygen demand 

(BOD5), dissolved organic carbon (DOC) and absorbance at 254 nm wavelength (UV254) were 

presented in this study. Furthermore, the oxygen uptake and acute toxicity evaluation were 

also carried out. It should be noted that, molecular weight distribution (MWD) of soluble 

organic substances, as an important tool, was introduced and discussed in every detail. 

2. Introduction 

The pulp and paper industry is considered as the second largest polluter in China. It has been 

estimated that the pulp and paper industry is responsible for 35% of all wastes dumped into 

the receiving waters. The effluents from the industry usually cause slime growth, thermal 

impacts, scum formation, color problems, and loss of aesthetic beauty in the environment
1
. 

Wuhan Chenming Paper Industry Co., Ltd. was established in 1997, with the major products 

of newsprint paper made of recycled paper and pulp. Environmental problems were the key 

issues of this company. In 2000, this company spent 120 million to construct a combustion 

alkali recovery process (200 tons/d) and a sewage treatment plant (50,000m
3
/d). The COD 

concentration of paper mill effluent decreased successfully from 800 mg/L to 150 mg/L due 
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to the primary and secondary coagulations in combination with biological treatment. 

However, a more stringent effluent criteria would be regulated since 2012, in which COD and 

color indices would be less than 100 mg/L and 40 times, respectively. Therefore, a more 

advanced treatment process is needed. 

Physical, chemical and biological methods have been proposed for the treatment of pulp and 

paper mill wastewater including coagulation, adsorption, chemical oxidation, membrane 

filtration and microbial degradation etc.
2
. For example, coagulation and flocculation is 

commonly employed in the primary or tertiary treatment of paper mill wastewater
3
. Activated 

sludge process is efficient in the removal of color, BOD, COD, Absorbable Organic halides 

(AOX) from paper mill effluent
4
. In addition, it is well known that ionizing radiation can be 

used for the purification of municipal or industrial wastewater (e.g. paper mill effluent) 
5, 6, 7, 8

. 

However, few researches had ever investigated the effect of ionizing radiation and 

coagulation on molecular weight distribution of the soluble organic compounds in paper mill 

wastewater. 

3. Materials and Methods 

3.1 Gamma-ray irradiation facility  

Irradiation processing was conducted upon a gamma irradiator, located at Institute of Nuclear 

and New Energy Technology (INET), Tsinghua University. The 
60

Co-γ-source holder consists 

of 16 source rods, with a total activity of about 1.3×10
4
Ci. Real wastewater samples were 

irradiated in Pyrex glass vessels (25 ml) at various doses from 0.5 to 2.5 kGy. Gamma rays 

dose rate was determined by means of a Fricke dosimeter using G (Fe
3+

) =15.6. All 

experiments were carried out at ambient temperature. 

3.2 Paper mill effluent 

The wastewater samples were collected from a paper mill effluent treatment plant in Wuhan 

city, Hubei Province, China. Schematic views of the existing activated sludge process for 

treating paper mill wastewater were shown in Fig.1. 

 
Fig. 1. Existing processing for paper mill WTTP in Wuhan City 
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3.3 Analysis methods 

The values of chemical oxygen demand (COD) and biochemical oxygen demand (BOD5) 

were measured according to Standard methods 5220C and 5210B, respectively
9
. Dissolved 

organic carbon (DOC) was measured using a DOC-VCPH analyzer (Shimadzu) according to 

Ye at al
10

. In addition, optical absorption spectra of the wastewater were recorded by 

PerkinElmer instrument (Lambda 25).  

Molecular weight distribution (MWD) of the soluble organic compounds from wastewater 

was determined using ultrafiltration (UF) membrane in a stirred cell (Model 8400, Amicon) 

described by Park et al
11

. Two Polyethersulfone (PES) membranes with nominal molecular 

weight cut-offs (MWCO) of 1000 Da and 3000 Da were used in a parallel methods as shown 

in Fig.2. The membranes were rinsed with distilled water before being placed into the cell 

which was then filled with distilled water and pressurized with nitrogen. Pressures were 

maintained at the manufacturer’s recommended levels. 

 

Fig. 2 Installation of molecular weight distribution separation 

4. Results and discussion 

4.1. Influence of irradiation alone on the characteristics of paper mill wastewater 

4.1.1. COD and BOD5 removal 

In the present work, ionizing radiation was originally expected to improve the 

biodegradability of this wastewater by conversion the high molecular weight organic matters 

into low molecular weight compounds, which are readily degraded in the subsequently 

biological treatment. The profiles of COD and BOD5 before and after gamma irradiation were 

shown in Fig. 3 and Fig.4, respectively. 

Fractionation of the organic matter in raw wastewater revealed that the organics were 

composed of two predominant components, one sector is MW<1000 Da and the other is 

between 1000 Da and 3000 Da. According to the previous reports 
12

, biological treatment was 

difficult to assimilate the organic matter with MW >1000 Da from paper mill effluent. Thus, 

gamma radiation is a crucial factor to transform HMW organic matter to LMW and 

biodegradable intermediates. However, for the organics with molecular weight (MW>3000 

Dalton), COD increased meanwhile BOD5 dropped after irradiation indicated some higher 

molecular weight and non-biodegradable organic matters may produce. As for the organics 
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with molecular weight (1000 Dalton<MW<3000 Dalton), BOD increased along with 

irradiation dose showed the enhancing biodegradability of these fraction organic matters. 

Finally, for the organics with molecular weight (MW<1000 Dalton), BOD showed a small 

increase and then reduced. This indicates that the radical species formed by gamma radiation 

react with organic components without selectivity 
13

. The easily biodegradable components 

can also be converted to non-biodegradable matters, although this effect is opposite to the 

original idea of enhancing the biodegradability of this wastewater by ionizing radiation. 

Therefore, if applying the ionizing radiation processing to the mixed wastes composed of 

biodegradable and refractory organic matter, such as paper mill effluent, it might be more 

cost-effective to apply ionizing radiation after removing the biodegradable parts using a 

conventional biological process. This part of investigation will be reported later by the 

author’s laboratory. 
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Fig.3 Influence of gamma irradiation on COD of raw wastewater 
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Fig.4 Influence of gamma irradiation on BOD5 of raw wastewater 
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4.1.2 Oxygen uptake 

In this report, we particularly measured the effect of irradiation on the oxygen uptake for 

paper mill effluent. The results were displayed in Fig.5. Among the irradiated and un-

irradiated samples, the raw water showed the highest oxygen utilization rate. This confirmed 

that it is a highly biodegradable wastewater. After the exposure to high energy irradiations, 

however, oxygen uptake decreased step by step with the increasing of absorbed dose.  
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Fig. 5 change of oxygen uptake as a function of absorbed doses 

4.1.3 Acute toxicity evaluation 

Determination the toxicity has been chosen here because toxicity assays are standardized and 

reliable. Biodegradability, in contrast, depends heavily on the biomass selected and results 

obtained are usually difficult for other researchers to reproduce. Numerous bioassay 

procedures for toxicity evaluation are now available, such as (a) bacteria Vibrio Fischeri with 

Microtox system-Basic Test Protocol-15 minute exposure and (b) Microcrustacean Daphnia 

Similis, acute test for 24 and 48 h exposure. In this report, luminescence bacteria 

(Photobacterium phosphorem T3 spp.) were used with 30 minute exposure to investigate the 

acute toxicity evaluation for irradiated and un-irradiated samples. Radiation doses were 0, 0.5 

kGy, 1.5 kGy and 2.5 kGy, respectively.  

From the data in Table 1, it may be seen that relative inhibition of un-irradiated water was 

75.1%. This indicated raw samples before irradiation had high original toxicity. With the 

absorbed dose increased to 2.5 kGy, the relative inhibition was elevated to more than 90 %. In 

this aspect, ionizing radiation process seems to improve the industrial wastewater toxicity. In 

fact, this negative radiation effect has already been reported as a consequence of hydrogen 

peroxide as a radiolysis byproduct
14

. To eliminate the effect of hydrogen peroxide on whole 

acute toxicity evaluation, a certain amount of MnO2（For example, 1mg/mL）was put into 

the irradiated samples
15

. The toxicity of samples in means of relative inhibition decreased 

drastically from 75.1% to 39.8% as long as the absorbed dose increased to 2.5 kGy. 
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TABLE1 ACUTE TOXICITY EVALUATION OF SAMPLES BEFORE AND AFTER IRRADIATION 

Samples  

Dose 

（kGy） 

luminescence 

intensity 

(mV) 

Relative 

inhibition 

（%） 

luminescence 

intensity after 

MnO2 (mV) 

Relative 

inhibition 

after MnO2（%） 

Distilled water 

(Control sample ) 
0 1235 0 1298 0 

Paper-mill 

effluent 

0 307 75.1 —— —— 

0.5 134 89.1 620 52.2 

1.5 262 78.8 777 40.1 

2.5 67 94.6 782 39.8 

4.1.4 GC-MS analysis of paper mill effluent 

In order to look deep insight of irradiation on the change of dissolved organic substances in 

wastewater, we conducted GC-MS analysis for irradiated and un-irradiated samples. In Fig.6, 

about eleven kinds of compounds were detected. Based on the specific professional software, 

these compounds were most likely to have the structural of aromatic ring (e.g. phenol, 4-

methyl-phenol, benzoic acid, etc.) and other long chain hydrocarbons (e.g. dodecane, etc.). 

After irradiation of 0.5 kGy (Fig. 7), the concentration of long chain hydrocarbons decreased 

rapidly meanwhile there is little change of aromatic compounds. When the absorbed dose 

continued to increase to 1.5 and 2.5 kGy, less than five kinds of aromatic compounds were 

identified in treated samples. On the other side, the peak of long chain hydrocarbons almost 

disappeared completely. 

 
Fig.6. GC-MS analysis of un-irradiated samples 
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Fig.7. GC-MS analysis of irradiated samples with 0.5kGy 

 
Fig.8 GC-MS analysis of irradiated samples with 1.5kGy 
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Fig.9 GC-MS analysis of irradiated samples with 2.5kGy 

4.2. Combination of coagulation and irradiation for pretreatment of paper mill 

wastewater 

4.2.1 COD and BOD5 removal 

Polyaluminium chloride (PAC) solutions were used as a coagulant for pretreatment of paper 

mill wastewater. The optimized dose was 300 mg/L to obtain 27.7% of total COD removal. 

The profiles of COD and BOD5 before and after gamma irradiation are shown in Fig. 10 and 

Fig.11, respectively. 

Fig.3 and Fig.10 show that HMW contributes 14% of whole COD. Coagulation can 

effectively eliminate this part of organic compounds with the removal rate of 44.7%. After 

coagulation, COD concentration of HMW first increased and then reduced with the absorbed 

dose. This is consistent with the observation in Fig.3, which confirmed the accumulation of 

some higher molecular weight and non-biodegradable organic matter induced by gamma 

irradiation. For LMW, COD and BOD5 values continue to increase with the applied dose. In 

authors understanding, this is mainly attributed to the removal of HMW by coagulation, 

normally this part of organic matters showed poor biodegradability. After coagulation, the 

deposited energy by ionizing radiation can transform more MMW into LMW. As small 

molecules are easily biodegradable, so the biodegradability of this wastewater may be 

improved through irradiation processing. Similar conclusions have been reported in the 

ozonation treatment of paper mill effluent by Bijian et al
16

. 
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Fig.10. Influence of coagulation and gamma irradiation on COD of raw wastewater 
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Fig.11. Influence of coagulation and gamma irradiation on BOD5 of raw wastewater 

4.2.2 Absorbance of wastewater and UV254 

Effects of different treatment methods on the absorbance of wastewater are shown in Fig.12. 

It can be found that coagulation can reduce the absorbance of wastewater significantly. In 

contrast, gamma irradiation alone showed little effects on the absorbance of wastewater. This 

is possible due to the accumulation of some higher molecular weight and non-biodegradable 

organic matter (MW>3000 Da) during gamma irradiation. Another reason maybe the present 

irradiation conducted without continuously air bubbling into paper mill wastewater compared 

with the previous reports
6
. Therefore, ionizing radiation alone may cause an increase of 

absorbance. However, after coagulation treatment, absorbance of wastewater reduced to a 

further low extent at any absorbed doses. 

In addition, UV254 is the absorbance of wastewater at 254 nm wavelength. It is an indicator 

that reflects the concentration of organic compounds. Some countries consider it as one of the 

indicators of organic compounds removal
17

. It was found that the UV254 value has a certain 

degree of correlation with DOC, COD and other indicators of water
18

. This indicator is 

helpful to investigate some target organic compounds with aromatic ring or those compounds 

with double bonds or hydroxyl groups, such as lignin, tannin and humic acids in paper mill 
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effluent, which have strong absorbance at 254 nm wavelength. Table 2 shows that UV254 in 

raw wastewater were composed of two predominant components, high molecular weight 

(MW>3000 Dalton) and medium molecular weight (1000 Dalton<MW<3000 Dalton). 

Coagulation can effectively remove the absorbance of these two parts. In contrast, irradiation 

alone cannot reduce UV254 of paper mill effluent. Even more, a small increase of UV254 was 

observed for HMW. This indicated that irradiation cannot completely decompose the target 

organic compounds (e.g. lignin, tannin and humic acids) at reasonable dose. The 

intermediates of paper mill effluent irradiation still have the structural of aromatic ring or 

double bonds or hydroxyl groups
19

. 
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Fig.12. Influence of different treatment methods on the absorbance of wastewater 

TABLE 2 UV254 OF RAW WATER AND TREATED WASTEWATER BY GAMMA-RAY IRRADIATION 

Sample MW>3000Da 3000Da>MW>1000Da MW<1000Da 

Raw water 0.6085 0.528 0.104 

0.5kGy 0.6871 0.5839 0.0568 

1.5kGy 0.8280 0.5192 0.1102 

2.5kGy 0.9861 0.4374 0.1059 

Coagulation 0.2053 0.3192 0.0437 

Coagulation +0.5kGy 0.1709 0.3177 0.0837 

Coagulation +1.5kGy 0.1549 0.4713 0.0651 

Coagulation +2.5kGy 0.2672 0.4518 0.0407 

4.2.3 DOC removal 

DOC concentration of raw wastewater and treated water is presented in Table 3. It showed 

that in raw water 12.5 % of total DOC was contributed from HMW, 56.9 % was from MMW, 

and the other 30.6 % was from LMW. After coagulation, DOC concentration was 5.2% from 
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HMW, 58.7% from MMW, and 36.1% from LMW, respectively. This indicated that 

coagulation can effectively remove organic with HMW. On the other side, ionizing radiation 

alone has little effect on the total DOC removal. For example, a small increase of DOC was 

observed for HMW. This may due to irradiation can only convert high molecular weight 

organic matters into low molecular weight compounds, or transform toxic or refractory 

organic compounds into low toxic or easily degradable organic compounds. When ionizing 

radiation was in combination with coagulation, however, a sharp decrease of HMW and 

MMW meanwhile increase of LMW was obtained. So, it is prefer to integrate coagulation and 

ionizing radiation to largely eliminate HMW and to improve the component of LMW, which 

is readily degraded by subsequently activated sludge process. 

TABLE 3 DOC (MG·L
-1

) OF RAW WATER AND TREATED WASTEWATER BY COAGULATION AND 

IRRADIATION 

Sample MW>3000Da 3000Da>MW>1000Da MW<1000Da 

Raw water 21.7 98.7 53.2 

0.5kGy 34.1 81.6 31.3 

1.5kGy 37.1 64.9 33.8 

2.5kGy 23.1 61.9 25.7 

Coagulation 8.8 99.2 61.1 

Coagulation 

+0.5kGy 
15.2 41.1 89.1 

Coagulation 

+1.5kGy 
10.0 59.9 62.0 

Coagulation 

+2.5kGy 
11.1 52.4 74.6 

5. Conclusions 

This paper investigated the effects of irradiation and coagulation on the molecular weight 

distribution of soluble organic substances in the paper mill effluent. The present results 

showed irradiation alone cannot promote the biodegradability and oxygen uptake as originally 

expected. The whole acute toxicity of samples decreased after irradiation. On the other side, 

coagulation not only effectively eliminate HMW, but also improve the ability of ionizing 

irradiation initiated the transformation of HMW and MMW into LMW. This inferred that the 

combination of coagulation and ionizing radiation can be a cost-effective way to treat the 

paper mill effluent. 
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