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Abstract
  Black carbon is a ubiquitous contaminant that is widely present in water sources, where, as dissolved (< 0.2-µm) black carbon (DBC), it contributes to the pool of disinfection byproduct precursors. DBC, in the form of nano-scale particles, provides a large surface area to adsorb natural organic matter (NOM) and while NOM with large molecular weight (MW) is readily removed by coagulation, it is unclear whether the presence of different MW fractions of NOM adsorbed on DBC improves or impairs its removal. In this study, experiments have been conducted to investigate the interactions between DBC with different NOM MW fractions, and alum coagulant. The results found that as the MW of NOM decreased, the total organic carbon of adsorbed NOM on the DBC nanoparticles (NPs) decreased, whereas the DBC removal increased due to the increased destabilization of DBC NPs. As the MW of NOM decreased, the size of DBC with adsorbed NOM decreased, whereas the size of its flocs increased. As the MW of NOM decreased, the variation of carbon to oxygen ratio decreased, indicating the aggregation degree of DBC adsorbed with NOM increased. It was observed that as the MW of adsorbed NOM increased, there was a decrease in aggregation of the DBC, as well as the amount of aggregated DBC NPs detected in the flocs. The findings of this study provide important new information concerning the mutual interaction between NOM and DBC NPs and the effect of NOM on the fate of DBC during underground water treatment.
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Introduction
Black carbon is generated from the incomplete combustion of biomass or fossil fuels and its presence in the aqueous environment is represented principally by the dissolved (< 0.2-µm) black carbon (DBC) concentration1. DBC has been found to correspond to approximately 10% of the total organic carbon (TOC) concentration of Yangtze River, the Yellow River, the Pearl River and the Heilongjiang River, which are the four largest water sources of China2. There is a high reactivity between chlorine and the small fused aromatic clusters of DBC which has been shown to produce disinfection byproducts (DBPs)3, 4. In particular, compared with terrestrial dissolved organic matter, there is a much higher potential for DBC to generate nitrogenous DBPs, such as haloacetonitriles (HANs), which are potentially more toxic than trihalomethanes (THMs)4, 5. Thus, it is highly desirable to remove the DBC from potable water sources in order to decrease the amount and the species of hazardous DBPs. 
Coagulation is one of the most common water treatment processes for removing colloids in source waters due to its well-understood, easy-operation, and cost-effectiveness3. As BC present in source waters can comprise particles with sizes ranging from colloids (< 0.2-µm) to hundreds of micrometers (µm)6, 7, natural organic matter (NOM), such as the humic acid, can be adsorbed on the surface of the colloids and affect their stability 8, 9. Moreover, the mass of NOM adsorbed on the surface of the colloids can affect the size and the surface charge of the colloids, which can potentially influence their stability 8, 10-12. Therefore, the interaction between NOM and DBC might influence the destabilization of the DBC colloids/nanoparticles (NPs), and their removal during coagulation 9, 13. Hence, it is important to evaluate the effects of NOM on the properties of DBC colloids and their removal during coagulation. 
The MW of NOM substances has a significant impact on their removal during coagulation14, 15. High MW, macromolecular organic matter is more readily removed by coagulation, compared with organic substances having a MW less than 1 kDa 13. It has been reported that biopolymers with MW of 30-90 kDa can improve coagulation treatment performance15, 16. In contrast, aliphatic small molecular organics have been found to be poorly removed by Al-coagulants (AlCl3 and polyaluminum chloride) 17, 18. Furthermore, the performance of coagulation can be affected by low MW NOM during the hydrolysis of alum14. Thus, the adsorption of different NOM MW fractions by DBC NPs might affect the removal of DBC by coagulation. At present, this aspect is still unclear and further research is required.
In this study, we consider the effect of aqueous NOM, with various MW fractions, on the physical and chemical properties of adsorbed DBC colloids, and their subsequent interaction with the NPs generated by the hydrolysis of coagulant. The results of the study can provide valuable insights into the fate of DBC in surface water treatment. 

2 Materials and methods
2.1 Preparation of DBC 
The black carbon was produced from poplar wood sawdust (Harbin, Heilongjiang Province, China). Milli-Q water (18.2 MΩ·cm at 25°C) was used as deionized (DI) water in all the experiments. Firstly, the wood sawdust was washed with DI water, oven-dried, and subsequently filtered using a 150-mesh sieve. The sawdust was then pyrolyzed at 500 oC for 2 h in a tube furnace (GSL-1100X, Kejin Co. Ltd., Hefei, China) at a heating rate of 10 oC/min, under a continuous nitrogen flow, to produce the black carbon. Finally, the black carbon was put into DI water and vigorously agitated at 100 W for 4 h in a bath sonicator to create the solid-liquid mixture. The mixture was filtered by 0.2-µm cellulose acetate membrane, and the cellulose acetate membrane was hydrophilic resulting in the high membrane flux to facilitate the microfiltration of hydrophilic DBC colloids. Finally, the filtrate was treated by the 100 kDa PVDF membrane and the PVDF membrane was hydrophobic to facilitate the hydrophilic DBC colloids rejected by the membrane. The membrane was backwashed by DI water and the backwashed solution was collected to be the original solution of DBC.
2.2 Fractionation of NOM with various MWs
[bookmark: _Hlk159253374]The source water was taken from the River Jingmi (JM) in Beijing of China in December 2022. In order to remove any undissolved matter, the water was treated by 0.2-µm cellulose acetate membrane to be the original water, while the MW fractionation of NOM was conducted by a sequential filtration of PES ultrafiltration (UF) membranes (Zhongke Ruiyang, Beijing, CN) with decreasing MW cut-offs of 100 kDa, 20 kDa and 1 kDa. The PES membrane is hydrophilic and the flux is very high to make much NOM substances collected efficiently. Firstly, the original water was filtered by the 100 kDa UF membrane to obtain the <100 kDa NOM fraction (NOM<100 kDa). Secondly, the NOM<100 kDa was treated by the 20 kDa UF membrane to get the < 20 kDa NOM fraction (NOM<20 kDa). The retentate on the 20 kDa UF membrane was backwashed into the water, and the backwashed water represented the original solution of 20-100 kDa NOM fraction (NOM20-100 kDa). Lastly, the NOM<20 kDa was filtered by the 1 kDa UF membrane and the filtrate was collected to represent the original solution of < 1 kDa NOM fraction (NOM<1 kDa). The backwashed water of the 1 kDa UF membrane represented the original solution of 1-20 kDa NOM fraction (NOM1-20 kDa). Finally, the original solutions of NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa were freeze-dried and the freeze-dried samples were analyzed by X-ray photoelectron spectroscopy (XPS, ThermoFisher, ESCALAB 250Xi, USA) to reveal the chemical compositions of samples.
2.3 The preparation and characterization of DBC adsorbed with NOM of different MW fractions 
The DI water with NaHCO3 were added in the appropriate amounts to the original solution of DBC in section 2.1 and the original solutions of NOM20-100 kDa, NOM1-20 kDa and NOM <1 kDa in section 2.2, respectively, to make the stock solutions of DBC, NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa. After adjustment, the pH, alkalinity, TOC and conductivity of all the stock solutions were the same, and the water quality properties of stock solutions were summarized in the Supporting Information (SI, Table S1). The pH of solutions was measured with a Leici Instruments PHS-3C pH meter (Shanghai, China). The conductivity of the solution was measured using a conductivity meter (Model DDS-11A, Shanghai Leici Instrument, Shanghai, China).  A pH indicator (methyl orange) was added into the samples with color change in the pH region of 3.1-4.4. The alkalinity value was determined by the volume of samples and acid (0.1 M hydrochloric acid). The TOC was measured by the non-purgeable organic carbon (NPOC) method with a TOC-5000A analyzer (Shimadzu, Japan) and the TOC of each solution of NOM with different fractions was 1.50 mg/L. A fluorescence spectrophotometer (F-4600, Hitachi, Japan) was used for measuring the fluorescence excitation-emission matrix (EEM) of the samples and R was applied for parallel factor (PARAFAC) analysis to extract the fluorescent components from the EEM datasets. The NOM was composed of tyrosine-like, humic-like and tryptophan-like components, whereas the DBC was only made of the tyrosine-like component (SI, Figure S1). 
[bookmark: _Hlk159317117][bookmark: _Hlk162121319][bookmark: _Hlk161740069]The stock solutions of NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa were mixed with the stock solution of DBC, respectively, and the TOC ratio of NOM fraction to DBC was 9:1 because DBC commonly corresponds to approximately 10% of TOC concentration of the source water 2. The mixture was stirred at 200 rpm for 24 h to make the adsorption of NOM on the DBC colloids to reach equilibrium. Then each mixed solution was filtered by 100 kDa PVDF membrane. Subsequently, the membrane was backwashed by DI water and the backwashed solutions were collected to obtain the original solutions of DBC adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa. It was because the NOM was not adsorbed on the DBC could be removed by the treatment of the 100 kDa PVDF membrane and the DBC adsorbed with various MWs NOM would be retained on the membrane surface. Therefore, the DBC colloids adsorbed with various MWs NOM could be obtained from the membrane surface through the membrane backwash process. In addition, for comparison, the original solution of DBC was treated by the membrane and the backwashed solution of the membrane only contained DBC, which was denoted in the results by “0” and the stock solution of DBC. After the membrane backwash process, we measured the TOC, EEM and UV of the backwashed solution of DBC and the backwashed solutions of DBC adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa.  The average particle size of DBC and DBC adsorbed with MWs NOM was measure by the Laser particle size analyzer (DLS) of a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK).
Moreover, the DBC stock solution and the solutions of DBC adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa were filtrated by the 100 kDa PVDF membranes and after the membranes were air-dried, they were cut down and sticked onto the conducting resin for the morphology observation of the DBC colloids and the DBC colloids adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa by Field-emission scanning electron microscopy (FE-SEM, Hitachi SU8020, Japan). 
2.4 Jar tests and the characterization of aqueous samples and flocs
The program-controlled jar test apparatus with two paddles (Meiyu, Wuhan, China) was employed to study the coagulation experiments at room temperature (25 ± 1 oC). The backwashed solutions of DBC adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa and DBC backwashed solution were adjusted through the dilution with DI water and the addition of NaHCO3 to have the same pH, TOC, alkalinity and conductivity shown in the Supporting Information (SI, Table S2). After adjustment, the TOC was 1.5 mg/L for each solution of DBC and DBC adsorbed with NOM and three fluorescence components were extracted based on the EEM database of the solutions. The TOC concentration for each fluorescence intensity of tyrosine-like component was calculated through 1.50 divided by the fluorescence intensity of tyrosine-like component for the adjusted solutions of DBC and DBC adsorbed with various NOM MW fractions (SI, Table S2). Before coagulation, a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) was used to determine the zeta potential (ZP) values for the adjusted solutions of DBC adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa and DBC stock solution. Moreover, the adjusted solutions were freeze-dried and the functional groups of the freeze-dried samples were investigated by Attenuated Total Reflection-Fourier transform infrared spectroscopy (ATR-FTIR, NICOLET 8700, Thermal, USA).
[bookmark: _Hlk161827429]To initiate coagulation, a dose of 0.1 mM of AlCl3·6H2O (Sigma) was added to the DI water and the adjusted solutions of DBC, NOM20-100 kDa, NOM1-20 kDa, NOM<1 kDa and DBC adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa, which had the TOC of 1.50 mg/L, during rapid mixing, with the samples stirred at 200 rpm for 1 min, then at 50 rpm for 15 min (coagulation/flocculation) and finally standing (solids settling) for 30 min. The 0.1 mM is commonly applied to be the optimum concentration of coagulants for water treatment based on the previous researches14, 15. If too much coagulant is added, then the destabilization of DBC colloids will be likely to return to a stable dispersed state because the DBC colloids would be positively rather than near to no charge. During the stirring process at 50 rpm, the aqueous solutions were taken for the measurement of ZP values and average floc size. The average floc size was measured by the Laser particle size analyzer (LS230/SVM, BECKMAN, USA). After coagulation, the samples were filtrated by 0.2-µm membrane for measuring the TOC of the filtrate.
Moreover, approximately 0.5 mL of the solution containing the floc was taken by the glass tube with the diameter of around 5 mm via the capillary effect. Then the solution was dripped onto the clean white paper and after air-dried, the floc on the paper was cut down and sticked on the conducting resin for the observation of floc surface by FE-SEM. Moreover, the settled flocs solution was taken from the bottom and washed by the anhydrous ethanol for several times to make the flocs in the ethanol solution. Then the flocs were dispersed in ethanol solution by ultrasonication and then dripped onto copper TEM grids. The structure of floc samples was analyzed by the use of a high-power transmission electron microscope (TEM, G2 F30 S-TWIN, FEI Tecnai, USA). After coagulation, the whole suspension was filtered by the 0.2-µm membranes to obtain the aqueous samples for the measurements of TOC, EEM and UV, and the flocs were scraped from the membrane surface after freeze-drying for ATR-FTIR and XPS. 
3 Results and discussion
3.1 The effect of NOM MWs on DBC removal
[bookmark: _Hlk161828134] As summarized in Figure 1A, the results indicated that DBC only contained the tyrosine-like component and there was also only the tyrosine-like component in the DBC with various NOM MW fractions adsorbed (SI, Table S2). This indicated that the protein-like components were mainly rejected by the ultrafiltration, which is consistent with a previous study19. There was a significant difference in the adsorbed mass of NOM on the DBC colloids for each MW fraction. As shown in Figure 1B, the TOC of NOM MW fractions on each tyrosine-like component were 6.11, 3.09 and 0.27 mg/L for 20-100, 1-20 and <1 kDa, respectively. This indicated that adsorbed mass of NOM (mg) for DBC colloids in the volume of 1 L increased with increasing MW of NOM fractions. DBC contains abundant aromatic carbon and polar moieties such as carboxyl groups to make NOM adsorbed on the DBC due to the hydrophobic effect and hydrogen bonding interaction20. From the results in Figure 1D, the ZP of the DBC without adsorbed NOM was the most negative due to the largest amount of carboxyl groups (-COOH) on the surface of DBC21. 
The zeta potential (ZP) value of the DBC was much more negative than those of the NOM with various MWs (SI, Table S1). This was because the -COOH content of NOM was less than that of DBC. Since the NOM adsorbed on DBC could cover the surface of DBC and result in the decrease of the -COOH content, the surface negative charge of DBC would decrease to make the stabilization of DBC colloids deteriorated. Furthermore, the negative charge of the NOM adsorbed DBC decreased with decreasing MWs of NOM, indicating that the stability of DBC reduced as the MWs of NOM decreased. As the negative charge of the DBC adsorbed with NOM<1 kDa was the least, the corresponding repulsive force between DBC NPs was also likely to be the least.
Figure S2 showed that the average sizes of the DBC adsorbed with MWs NOM increased with increasing MWs. These indicated that compared with other NOM fractions, the stabilization of DBC colloids was more significantly strengthened by steric repulsion between NOM20-100 kDa adsorbed on the surface of DBC. This was because the largest surface area of DBC colloid was covered by the highest adsorbed mass and largest size of the higher NOM MW fraction8. However, for NOM<1 kDa, there were the patch attraction interactions between the uncovered surface of DBC colloid and NOM adsorbed on the surface of adjacent DBC colloids to make the stability of DBC colloids deteriorated. This was because there was the smallest surface area of DBC colloid covered by NOM<1 kDa due to the lowest adsorbed mass and the smallest size of NOM<1 kDa8. The FTIR results shown in Figure 1E confirmed that the functional groups of DBC and the DBC adsorbed with the NOM MW fractions were the same before coagulation, which were identified as N-H, aliphatic C-H, C=C, C=O, C-H, C-O-C and aromatic C-H. This indicated that NOM fractions produced similar adsorbed layer compositions on the DBC colloids, suggesting minimal contribution of chemical properties to the distinctive interactions between DBC adsorbed with various MWs of NOM.
[bookmark: _Hlk161844599]In contrast to the NOM fractions, the DBC only contained the tyrosine-like component. Therefore, the removal efficiency of tyrosine-like component was positively related with the removal ratio of DBC. The removal efficiency of the tyrosine-like component could be applied to demonstrate the removal ratio of DBC by coagulation. The calculation of DBC removal ratio was shown in the Supporting Information (SI, Text S1). Figure 1C and Figure S3A demonstrated that the removal ratios of the tyrosine-like component and TOC all increased as the MW of adsorbed NOM decreased from 20-100 to <1 kDa. This indicated that the DBC removal was enhanced substantially by the adsorption of NOM with the smallest MW fraction on the DBC surface compared with other MW fractions. Since there were increases in DBC removal ratio after the adsorption of all NOM MW fractions on the DBC surface, it was clear that the adsorption of NOM greatly enhanced the DBC removal. As the MW of NOM decreased, the removal ratio of TOC decreased (Figure S3A), whereas the removal efficiency of tyrosine-like component increased. This indicated that the TOC removal was mainly due to the NOM removal. Moreover, the floc size increased with decreasing MW of NOM (Figure S3B). Therefore, the NOM removal decreased as the floc size increased. This is because the amount of NOM adsorbed on the DBC decreased as the MW of NOM decreased.
Figure 1D showed that the ZP values of DBC flocs were all positive. It was because during coagulation, aluminum ions acted to neutralize the particle charge of DBC and reduce the extent of double layer repulsive interactions to make the potential energy barrier to coagulation decreased. Furthermore, Al3+ were strongly hydrated to form complexes of the type Al (H2O)63+, which tend to dissociate and give rise to a series of hydroxylated species to make the effect of sweep flocculation. Moreover, the charge of flocs for the DBC adsorbed with NOM<1 kDa was nearest to 0. This demonstrated that the DBC flocs were more unstable during coagulation, which facilitated the DBC removal during coagulation. Furthermore, the positions of all functional groups for the DBC with adsorbed NOM remained the same after coagulation (Figure 1E). This suggested that the functional groups were not the main reason for the difference in the coagulation performance of the DBC adsorbed with NOM. 

3.2 The morphology of DBC colloids before coagulation and on the floc surface 
[bookmark: _Hlk161846775]The average particle size of DBC before and after adsorption of NOM were obtained from dynamic light scattering (DLS) (Figure S2). These showed that the size of the NOM adsorbed DBC increased with the size of the MW fraction. The average sizes of the DBC with and without adsorbed TOC are given in the SI (Figure S2A), which showed that the average size of the DBC with NOM20-100 kDa was much larger than NOM< 1 kDa. All of the DBC particles with adsorbed TOC, including the NOM< 1 kDa, were larger than DBC without adsorbed NOM. As shown in Figure S3, the average floc size for NOM adsorbed DBC increased with decreasing MWs of NOM. This indicated that the larger the floc size was, the greater removal ratio of DBC would be. It was because the DBC colloids were electrostatically attached to the large aggregates of the hydrolyzed aluminum ions such as Al (OH)3, which is known as the effect of sweep coagulation. 
The adjusted solution of DBC was mixed with each adjusted solution of NOM fractions and as the adsorption equilibrium reached. Then the mixture was filtrated by the 100 kDa PVDF membrane. The PVDF membrane is hydrophobic to make the hydrophilic DBC colloids adsorbed with various MWs NOM as the retentate on the membrane for the morphology observation by SEM. Figure 2 presented the SEM images of the retentate on the 100 kDa PVDF membrane for DBC adsorbed with NOM20-100 kDa, NOM1-20 kDa and NOM<1 kDa and their flocs. As shown in Figure S4, there are many nanopores with the size of around 40 nm on the blank PVDF membrane surface and the floc was composed of the nanoparticles.
[bookmark: _Hlk161861371][bookmark: _Hlk162193426]From Figure 2A-D, the average size of DBC colloids increased with increasing MW of NOM. This was consistent with the results of DLS for DBC adsorbed NOM in Figure S2. As shown in Figures 2E and F, there were some small particles and a large particle with some small particles on the floc surface of DBC and DBC adsorbed with NOM20-100 kDa, respectively. It suggested that the colloids of DBC and DBC adsorbed with NOM20-100 kDa were separate with each other. In contrast, from Figures 2G and 2H, there was a smaller cluster on the floc surface of DBC adsorbed with NOM<1 kDa compared with the DBC adsorbed with NOM1-20 kDa. It indicated that the aggregation degree of DBC adsorbed with NOM<1 kDa was greater than NOM1-20 kDa. Therefore, the aggregation degree of DBC colloids decreased with increasing MW of NOM.

3.3 The effect of NOM MWs on the carbon and oxygen contents of flocs
  The XPS C 1s peaks of x-CAW could be deconvoluted into four peaks as shown in Figure 3. Moreover, the atomic percents (at. %) of four C1s components are displayed in Table 1. The C1 peak (C-C or C-H) at ~285.0 eV is related to C-C and C-H bonds in NOM or DBC22. The bonds involving the C2 peak (C-O) at ~285.6 eV could be predominant in humic acid as β-ether and -C-OH bonds22. Therefore, the value of C1/C2 was negatively related with the oxygen content. The C3 peak (C=O or O-C-O) at ~288.0 eV represents carbon atoms occur as carbonyl groups of humic acid22. The C4 peak (O-C=O) at ~289.5 eV is associated with the presence of carbon atoms in carboxylic derivatives such as cross-linking ester bonds of humic acid. Moreover, the XPS O1 and O2 peaks at around 532.2 and 532.6 eV were assigned to -C=O and C-O groups, respectively23.  Since the C/O value of DBC was much greater than that of NOM with different fractions, the variation of C/O was negatively related with the surface area ratio of DBC covered by NOM. The less surface area of DBC adsorbed with NOM exposed, the greater aggregation degree and removal ratio of DBC adsorbed with NOM would be.
[bookmark: _Hlk162108054]Figures 3 and S6 present the XPS results showing there were C-C, C-O, C=O and O-C=O functional groups for the DBC with adsorbed NOM, and their flocs, which were in agreement with the FTIR results. This also indicated that the functional groups were not the main factor influencing the coagulation of DBC adsorbed with NOM. The variations of C1/C2 and C/O are calculated through the equation as follows: (NOM adsorbed DBC- NOM)/ NOM. From Table 1 and Figure 3, it was evident that the C1/C2 values of flocs for DBC was greater than NOM20-100 kDa and NOM1-20 kDa, whereas was less than NOM<1 kDa. The variation of C1/C2 increased with increasing MW of NOM. Furthermore, the C/O value of flocs for DBC was greater than all DBC adsorbed with NOM MW fractions and the variation of C/O decreased as the MW of NOM decreased, indicating the aggregation degree of DBC adsorbed with NOM increased. Moreover, Figures S6, S7 and S8, and Tables S3 and S4 showed that the O2/O1 for DBC was greater than those of all NOM fractions, and the difference of O2/O1 value between DBC and DBC adsorbed with NOM<1 kDa was the greatest compared with other DBC adsorbed NOM. These observations all indicated that there was the least exposed surface area of DBC adsorbed with NOM<1 kDa. This suggested the aggregation degree of DBC adsorbed with NOM<1 kDa was the greatest. The aggregation of colloids would facilitate the removal of DBC during coagulation. Therefore, the removal ratio of DBC was the greatest in the presence of NOM<1 kDa.

3.4 The morphology of DBC colloids inside the flocs
  As shown in Figures 4A and a, the lattice of DBC NPs could be detected for the DBC NPs adsorbed with NOM20-100 kDa. Figures 4B and b showed the graphite sheets overlapped each other for DBC adsorbed with NOM1-20 kDa. In contrast, NPs were clustered together and there were no lattice and graphite sheets evident for DBC adsorbed with NOM<1 kDa (Figures 4C and c). This might be because a large amount of DBC NPs adsorbed with NOM<1 kDa were attracted to each other, leading to the complete covering of the DBC surface. These findings indicated that the amount of aggregated DBC NPs increased with decreasing MW of NOM, which was in agreement with the above results.
Figure S5 presented the floc was web-like and composed of nanoparticles. From the images of flocs given in Figures 4D, d and 4E, e, there appeared to be one or two particles with the size of around 100 nm covered by the aggregation of NPs in the floc which was the aluminum hydrolysate for the DBC adsorbed with NOM20-100 kDa and NOM1-20 kDa. These were similar with the floc for the DBC (Figure S4). It indicated that the DBC removal was not enhanced significantly after adsorption of NOM with large MWs. In contrast, the DBC clusters were detected, as shown in Figures 4F and f, which were covered by the floc similar with other samples. Therefore, compared to the other DBC adsorbed NOM fractions, the much more DBC adsorbed with NOM<1 kDa was tend to be removed by the floc adsorption during coagulation, which suggested that the content of DBC for the floc containing DBC adsorbed with NOM<1 kDa was the highest. From Figure S2, the average size of DBC adsorbed with MWs NOM increased with increasing MWs. However, the size of DBC colloids inside the floc of DBC adsorbed with NOM<1 kDa seemed like to be larger than the other flocs. It indicated that there was the largest amount of DBC colloids adsorbed with NOM<1 kDa aggregated to promote the DBC removal. Therefore, the amount of aggregated DBC NPs detected in the flocs decreased with the increasing MW of NOM.

3.5 Influential mechanism of NOM WMs on DBC removal
As shown schematically in Figure 5, the repulsive force between DBC NPs decreased after adsorption of NOM, suggesting that the aggregation of DBC NPs was promoted by the NOM adsorbed on the surface of DBC. Furthermore, the attraction force between the NOM adsorbed DBC NPs increased as the MW of NOM decreased. From this, it was hypothesized that DBC NPs were much more unstable after adsorption of lower MW NOM, and this was beneficial for their removal during coagulation. Thus, overall, the overall removal of DBC NPs was enhanced with the decreasing MW of adsorbed NOM. 

4 Conclusions
The significance of the results in this study are that DBC NPs, with associated large surface areas, readily adsorb organic matter such as NOM in the environment, which affects their fate and transformation. This study has verified that the MW of NOM was a more influential factor concerning the aggregation of DBC NPs compared to surface functional groups. The experimental methodology has provided guidance for studying the physical properties of NPs similar to DBC after adsorption of NOM. The tests have demonstrated that a tyrosine-like component could be applied to study the variations of DBC in aqueous solution and it facilitates the DBC content to be characterized in situ without any chemicals processing. It is because the DBC only contains tyrosine-like component after its purification by the membrane in contrast to the various NOM MW fractions. This has proved to a successful method for the study of DBC removal by the variation of tyrosine-like component, and this study is the first to show the differences in the nature of DBC NPs before and after coagulation. This study will provide the new insight to the removal of DBC from underground water. It is because the content of NOM for underground water is very low and the adsorbed NOM on the surface of DBC will make significant effect on DBC removal.
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Appendix A. Supplementary data
[bookmark: _Hlk136426639][bookmark: _Hlk136426683][bookmark: _Hlk136426718]The Supporting Information comprises 1 Text, 4 Tables and 6 Figures that present the following: the calculation of DBC removal ratio (Text S1); the properties of solutions of NOM with various MW fractions, and DBC (Table S1); the aqueous properties of DBC adsorbed with various NOM MW fractions (Table S2); the C 1s and O 1s components (at. %) of DBC and various MW NOM (Table S3); the O 1s components (at. %) of the flocs for NOM and DBC adsorbed with various MW NOM (Table S4); fluorescent components based on the EEM data sets by PARAFAC modeling (Figure S1); the size distributions and the average size of DBC adsorbed with various NOM MW fractions, measured by dynamic light scattering (Figure S2); the removal ratio of TOC and the average floc size for various MWs NOM adsorbed DBC (Figure S3); the blank PVDF membrane and the floc nanoparticles on the membrane surface (Figure S4); the TEM image of the floc (Figure S5); C1s XPS spectra of the flocs for the DBC and various MW NOM (Figure S6); O1s XPS spectra of the flocs of various MW NOM (Figure S7); O1s XPS spectra of the DBC and DBC adsorbed with various MW NOM and their flocs (Figure S8); the TEM image of the floc (Figure S9).
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Figure 1. (A) The EEM spectra of the DBC and tyrosine-like component based on the EEM database; (B) the TOC concentration for each fluorescence intensity of tyrosine-like component for the adjusted solutions of DBC and DBC adsorbed with various NOM MW fractions with the TOC concentration of 1.50 mg/L; (C) the removal ratios of tyrosine-like component by coagulation; (D) the zeta potential, and (E) the FTIR spectra, before and after coagulation for the DBC adsorbed with different MW NOM, and only DBC.
[bookmark: _Hlk161740785]*The TOC concentration (mg/L) for each fluorescence intensity of tyrosine-like component was calculated through 1.50 divided by the fluorescence intensity of tyrosine-like component for the adjusted solutions of DBC and DBC adsorbed with various MW NOM (SI, Table S2).
 [image: ] 
Figure 2. The SEM images of the retentate on the 100 kDa PVDF membrane for DBC adsorbed with various MWs NOM and their flocs for (A, E) 0, (B, F) 20-100 kDa and (C, G) 1-20 kDa and (D, H) < 1 kDa. The yellow circle denoted the DBC particles or clusters.
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Figure 3. C1s XPS spectra of flocs for DBC adsorbed with different MWs, and NOM20-100 kDa, NOM1-20 kDa, NOM <1 kDa and DBC
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[bookmark: _Hlk149398084]Figure 4. The TEM images of DBC after adsorption of NOM with different MWs and their flocs for (A, a, D, d) 20-100 kDa and (B, b, E, e) 1-20 kDa and (C, c, F, f) < 1 kDa. The yellow rectangles denoted the TEM magnification images of corresponding mark. The yellow circle denoted the presented DBC in the flocs.
                              [image: ]
 
Figure 5. Schematic showing the effect of the NOM MW on the removal of DBC NPs adsorbed with different NOM MW fractions during coagulation.




Table 1 The at.% of C 1s components, C1/C2, C/O and their variations of the flocs for various NOM MW fractions, and DBC adsorbed with NOM MW fractions.

 







	Flocs
	C1s (at. %)
	C1/C2
	Variation of C1/C2
	C/O
	Variation of C/O

	
	C1
	C2
	C3
	C4
	
	
	
	

	NOM20-100 kDa
	30.02
	54.51
	9.39
	6.07
	0.55
	0.64
	0.45
	2.44

	NOM20-100 kDa adsorbed DBC
	36.31
	40.17
	20.95
	2.57
	0.90
	
	1.55
	

	NOM1-20 kDa
	32.86
	50.39
	6.50
	10.25
	0.65
	0.62
	0.45
	2.38

	NOM1-20 kDa adsorbed DBC
	42.98
	40.83
	13.95
	2.24
	1.05
	
	1.52
	

	NOM<1 kDa
	59.14
	29.83
	8.69
	2.34
	1.98
	-0.42
	0.84
	0.23

	NOM<1 kDa adsorbed DBC
	40.69
	35.56
	21.54
	2.21
	1.14
	
	1.03
	

	DBC
	35.04
	46.82
	12.97
	5.18
	0.75
	-
	2.99
	-
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