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A B S T R A C T   

Hydraulic dredging of stormwater ponds may include on-site dewatering of dredged materials using polymers 
and geotextile filtration. The choice of polymer and its preparation affect the overall operational effectiveness 
and the quality of the reject water (filtrate) returned to the stormwater pond. This study examined the resulting 
particle content as well as nutrient and metal concentrations in the filtrate conducted on hydraulically dredged 
stormwater sediment that was chemically conditioned and filtered through geotextile. This study investigates 
how polymer choice and preparation affects the outcome. In total, three types of polymers were tested (powder, 
emulsion commercial cationic polymers and chitosan), the water (tap water or reclaimed) the polymer was 
prepared in, and the aging time of the polymer solution. Deviations from manufacturer's instructions on the 
polymer preparation increased the amount of polymer needed for an optimal conditioning process. In terms of 
pollutant retention, there was no difference between polymer preparations. In the filter cake there was no 
discernable difference between conditioned and unconditioned sediment, rather the difference was noticeable on 
the filtrate. Conditioned stormwater sediment produced a geotextile filtrate with considerably less metal and 
nutrient content than the unconditioned stormwater sediment.   

1. Introduction 

Stormwater ponds have become ubiquitous and popular stormwater 
control measures (SCMs) in the urban environment [1]. SCMs must be 
adequately maintained to ensure their functionality, but maintenance 
operations are often overlooked or neglected [2]. Typically, for wet 
ponds, the primary maintenance operation is the dredging of the accu-
mulated sediment in the pond, restoring the storage volume and thereby 
the treatment efficiency of the system [3]. The dredging operations can 
be performed either mechanically or hydraulically [4], and the sediment 
is preferably dewatered on land close to the pond [3]. Mechanical 
dredging often incurs fewer costs and entrains less water than hydraulic 
dredging, but disadvantages include resuspension of soft-bottom sedi-
ment and destruction of the established vegetation [3]. In addition, 
mechanical dredging may not always be practically feasible due to 
accessibility constraints [5]. 

The accumulated sediment in the ponds has entrained pollutants for 
typically decades before being removed in a dredging operation. 
Therefore, sediment in wet ponds usually contains high levels of mul-
tiple pollutants [6,7] but also exhibits significant heterogeneity in the 

types and levels of accumulated pollutants between ponds [8]. Dredging 
operations move the accumulated sediment from one environment to 
another. One potential concern is that pollutants in the dredged sedi-
ment may be remobilized and returned to the pond in the filtrate during 
the dewatering process [9,10]. 

One recent development in sediment management is the utilization 
of geotextile tubes, with or without chemical conditioning [11], to 
dewater various sediment-rich water flows. The technique has also 
reached the stormwater management sector [12–14]. The benefits of 
chemically conditioning sediments with a polymer are primarily to in-
crease the size and cohesiveness of flocculated particles, thereby facili-
tating water release and increasing the pollutant retention in the flocs 
[15]. In wastewater dewatering processes, the filtrate can often be 
directed back into the main process flow or treated in a side stream. This 
process typically takes place on-site for stormwater pond dredging op-
erations, with the filtrate directed back into the pond. Therefore, 
remobilization of pollutants in the treated sediment must be minimal. 

Dredging operations include many operator deliberations. For a 
polymer-assisted hydraulic dredging and geotextile dewatering opera-
tion, these may include the type of geotextile, polymer selection, and its 
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preparation. The operation can vary from relatively simple operation by 
feeding an emulsion into the sediment slurry stream at a constant flow 
rate to more extensive operation, including polymer make-up equip-
ment and automated flow-proportional polymer injection. Often oper-
ators rely on the expertise by the polymer product supplier and perform 
limited bench-scale tests with a few polymer products to decide which 
product to use. Typically, for dewatering operations of particle-rich 
waters, cationic polymers with a high molecular weight are employed 
[15]. Depending on the operator's equipment, either an emulsion or 
powder formulation may be used. 

However, the effectiveness of a polymer-assisted hydraulic dredging 
maintenance operation for stormwater ponds has not yet been 
comprehensively studied. Furthermore, it is unclear to what degree 
pollutants are retained in the dewatered sediment or released back into 
the pond with the filtrate. This study, therefore, aims at investigating the 
effects of chemical conditioning on a stormwater sediment slurry, 
including different polymers and their preparations. Furthermore, these 
effects are evaluated in relation to the polymer demand and the filtrate 
treatment performance. Two of the selected polymers used in this study 
are commercial off-the-shelf cationic polymer products made of syn-
thetic polyacrylamide. They represent what a chemical supplier might 
recommend to an operator depending on the polymer make-up equip-
ment available to them. The third polymer, chitosan, is a biodegradable 
polymer that is produced when chitin, a substance in the exoskeleton of 
crustaceans, is deacetylated. Chitosan has in recent years attracted sci-
entific attention as an environmental friendly polymer with promising 
treatment performance [16], but has so far seen limited industrial use. 

2. Materials and methods 

2.1. Study design 

A sediment conditioning process of dredged stormwater sediment 
slurry was evaluated using jar-tests followed by geotextile filtration in a 
full factorial design. The factors evaluated were polymer selection (three 
different polymers), water for polymer preparation (tap and pond 
water), and aging time (0 and 60 min). A total of 24 experimental runs 
(each factor setting duplicated) were conducted. Each experimental run 
included a control in which the sediment slurry was not conditioned. 

2.2. Pond sediment collection 

Dammträsk is a small (9000 m2) pond with an upstream wetland 
south in Hanninge, Sweden. It receives run-off from a catchment of 
approximately 1.5 km2. The catchment area includes a downtown urban 
area, residential area, streets, parking lots, parks, and forest. In 2019, the 
pond was redeveloped into a stormwater treatment system, including an 
upstream forebay equipped with an oil separator. During the redevel-
opment, the accumulated sediment in the pond was not removed. For 
this study, in August 2020, approximately 1000 L of stormwater sedi-
ment was hydraulically dredged in 250 L increments from four sampling 
points in the pond. The points were along the flow path from the inflow 
to the outflow. The sediment was transported to the laboratory in an 
intermediate bulk container. 

2.3. Polymers used for conditioning the pond sediment 

Three different polymers were used in the experiments (Table 1). 
Two were off the shelf commercial cationic polyacrylamide (PAM) 
products: one dry (Superfloc C-494) and one emulsion (Superfloc C- 
6592RS) polymer. The two commercial polymer products were recom-
mended for sediment dewatering applications by the manufacturer. 
They represent two different formulations and would require different 
equipment setups for an operator. The third, a biopolymer, chitosan, was 
prepared in the laboratory by dissolving chitosan in HCl at 5 % w/v. 
Chitosan was included based on results from previous stormwater 

research [17]. All polymers were diluted to 0.5 % working solutions for 
the conditioning experiments according to manufacturer's instruction, 
with the exception of the type of water (reclaimed or tap water) used and 
the length of the aging (none or 60 min). For the preparation in 
reclaimed water, water separated from the sediment in the dredged 
sediment slurry was used. 

2.4. Conditioning experiment and geotextile filtration 

Standard jar-testing equipment, consisting of a programmable con-
trol unit and six detachable impellers fitted to 1 L beakers, was used in 
the conditioning experiments. The settings for the jar-testing program 
were 60 s of rapid mixing at 200 rpm (corresponding to a velocity 
gradient of G = ~190 s− 1), followed by 15 min of slow mixing at 30 rpm 
(G = 15 s− 1). The polymer was injected at the start of the rapid mixing 
phase. There were two sets of jar-tests for each experimental run. The 
first jar-test determined the optimal polymer dose and included an un-
conditioned control and five varying polymer concentrations. After the 
jar-test, free water was separated from the conditioned sediment by 
decantation. The optimal polymer dose was determined by measuring 
the turbidity of the water phase and the capillary suction time (data not 
shown) of the conditioned sediment. Then, a second jar-test was per-
formed using the determined optimal polymer dose. This jar-test 
included three beakers (to produce sufficient sediment mass and 
filtrate volume for the analyses) with conditioned sediment and three 
beakers with unconditioned sediment as unconditioned filtration con-
trol. Subsequently, both the conditioned and unconditioned sediment 
were poured into geotextile cones (GT500) (TenCate Geosynthetics, 
Hengelo, Netherlands) fixed in a stainless-steel funnel and allowed to 
filtrate for 24 h. After geotextile filtration, the cake was mixed to ho-
mogeneity, and samples were drawn from both cake and filtrate. 

2.5. Sediment, filtration cake, and filtrate quality analyses 

Before each experimental run, a sample of the sediment slurry was 
taken for analysis of total metal (Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Ni, Pb, 
V, and Zn) and nutrient content (ammonium‑nitrogen, Kjeldahl nitro-
gen, and total phosphorus). The total metal concentrations in the sedi-
ment slurry were analyzed by drying the samples at 105 ◦C, followed by 
HNO3 digestion and subsequent quantification using ICP-SFMS [18] and 
ICP-AES [19]. Total nitrogen was analyzed as Kjeldahl nitrogen in the 
sediment slurry [20], total phosphorus by ICP-AES [21], and ammonium 
nitrogen by elution followed by spectrometric detection [22]. Samples 
from the filtration cake were analyzed using the same methods as the 
sediment slurry. 

The filtrate was analyzed for total and dissolved metal concentra-
tions (Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Ni, Pb, V, and Zn). The dissolved 
metal content was defined as the concentration in the fraction passing a 
0.45 μm polyethersulfone filter followed by HNO3 digestion and anal-
ysis. Filtrate metal concentrations were determined with the same 
analytical procedure as for the sediment slurry and the filtration cake 

Table 1 
Description and properties of the polymers evaluated in the study.   

Polymer 

Superfloc C-494 Superfloc C- 
6592RS 

Chitosan 

Type Dry Emulsion  
Description Cationic 

polyacrylamide 
Cationic 
polyacrylamide 

Cationic 
polysaccharide 

Relative 
charge 

Medium Low  

Molecular 
weight 

High High 600–800 kDa 

Supplier Kemira, Helsinki, 
Finland 

Kemira, Helsinki, 
Finland 

Acros Organics, 
Geel, Belgium  
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samples. In addition, total nitrogen in the filtrate was determined by 
oxidative digestion using peroxodisulfate [23], nitrate, nitrite, 
ammonium-nitrogen, and phosphate phosphorous by photometric 
detection [24], ammonia-nitrogen by photometric detection [25], and 
total phosphorus by spectrometry [26]. 

Total solids (TS) and loss on ignition (LOI) were determined in the 
sediment slurry and the filtration cake by weighing before and after 
drying at 105 ◦C and 550 ◦C, respectively [27]. Total suspended solids 
(TSS), turbidity, conductivity, and pH were recorded for the filtrate. TSS 
was measured by filtration through a glass fiber filter with a pore size of 
1.6 μm [28]. Turbidity was analyzed using a Hach Turbidimeter 2100 N 
(Hach, Loveland, Colorado), with the signal average and ratio settings 
enabled. The conductivity in the sediment slurry and the filtrate was 
measured with a benchtop CDM 210 device (Radiometer, Copenhagen, 
Denmark). A WTW 3530 IDS meter with a SenTix 940 IDS pH electrode 
was used to record the pH of the sediment slurry as well as the filtrate. 

An external accredited lab performed the metal and nutrient analyses 
(ALS Scandinavia, SWEDAC Accreditation no: 2030) or one of their 
subcontractors (GBA Group Environment, DAkkS Accreditation no: D- 
PL-14170-01-00). The uncertainty interval from external analyses was 
reported as a coverage factor of two standard deviations, approximating 
a 95 % confidence interval [29]. 

2.6. Statistical analysis 

Bayesian inference [30] was used to estimate the influence of the 
choice of polymer and the polymer preparation on both the polymer 
demand and the filtrate treatment performance. Inferences were made 
using a hierarchical linear regression model containing parameters for 
the polymers (baseline prepared according to manufacturer's in-
structions) and deviations in preparation (switching tap water to 
reclaimed water and not letting the polymer age) from baseline. Two 
models were used, one for estimating the polymer demand and one for 
estimating the filtrate treatment performance. In the model for polymer 
demand, the logarithm of the dosage was used as a response variable, 
making the coefficients represent a multiplicative effect on the original 
scale. In the model for filtrate treatment performance, the response 
variables were the standardized effect sizes calculated from the partic-
ulate concentrations. The models were implemented in the probabilistic 
programming platform Stan (version 2.28.1) [31], and the posterior 
distribution was sampled using its dynamic Hamiltonian Markov chain 
Monte Carlo algorithm. The supplemental materials include details of 
the model implementation and choice of likelihood, prior, and hyperp-
rior distributions. Model fit and comparison were assessed using point-
wise out-of-sample prediction accuracy (leave-one-out cross-validation, 
LOO-CV) [32]. 

3. Results 

3.1. Characterization of sediment slurry and reclaimed water 

The hydraulically dredged sediment slurry had a high water content 
and low solids content (mean TS of 3.7 %, range 3.2 % to 6.8 %, with 
mean VS 0.8 %, range 0.7 % to 0.9 %), which did not vary considerably 
in withdrawn samples during the experimental regime. However, 
considerable variation over time was measured in the pH and conduc-
tivity in the sediment slurry. The pH value dropped over two weeks from 
an initial 4.7 to around 3.2, where it remained stable. In the same 
period, the conductivity of the sediment slurry increased from an initial 
value of 600 μS/cm to around 1000 μS/cm. This increase may be 
attributed to sulfide oxidation in the sediment slurry as indicated in 
samples taken before, in the middle, and at the end of the experimental 
period. The outcome was an increase of dissolved metal concentration 
(Fig. S3), except for dissolved barium. 

The reclaimed water from the pond used to prepare the polymer in 
half of the experiments had the following characteristics (arithmetic 

mean ± standard deviation), turbidity of 470 ± 24, TSS of 408 ± 33 
mg/L, pH of 6.9 ± 0.4 and conductivity of 257 ± 12 μS/cm. 

3.2. Optimal polymer dose 

The optimal polymer dosage per experimental run was determined in 
a jar-test with varying dosages (Table 2). The dosages were calculated as 
gram polymer (active substance) per kg of solids in the sediment. In 
general, the optimal dosage varied from 2 g/kg to 7.9 g/kg throughout 
the experimental regime with an average of 4.3, 3.3, 4.2 g/kg of solids 
for the emulsion, dry, and chitosan polymers, respectively. 

Inferences from the polymer demand model (Listing S1) indicated 
that the most impactful preparation step concerning the polymer de-
mand was the decision whether to age or not age the polymers before use 
(Fig. 1). The overall hierarchical effect of not aging the polymers was 
estimated to an average increase in polymer demand by 31 % (95 % 
highest density interval (95 % HDI) [0.80, 1.88], probability of direction 
>1 (p.d.) 88 %), with the individual effect for emulsion being the highest 
with an average increase in polymer demand by 61 % (95 % HDI [0.96, 
2.38], p.d. 97.5 %). The choice of dilution water did not increase the 
polymer demand for any of the polymers, except for a noticeable 
interaction effect when the emulsion polymer was prepared in reclaimed 
water without aging. Then the combined effects for polymer demand, in 
the interaction case for the emulsion polymer, was estimated to, on 
average, 118 % increase (95 % HDI [1.02, 3.47], p.d. 99.3 %). 

3.3. Overall treatment effect on filtrate 

Dewatering with either the emulsion or the dry polymer reduced the 
TSS of the geotextile filtrate by >90 % (mean reduction 95 % and 92 %, 
respectively) compared to the unconditioned control (Fig. 2). The mean 
TSS concentration of the control filtrate was 2700 mg/L compared to 
126 mg/L and 211 mg/L for the emulsion and dry polymer treatments. 
In addition, the use of the emulsion polymer exhibited lower outcome 
variability than the use of a dry polymer (removal percent standard 
deviation of 3.2 % compared to 15.4 %). In contrast, chitosan had a low 
to negligible effect with greater variability on the filtrate TSS reduction 
(mean reduction 16.4 %, standard deviation 25.5 %). 

Filtrate turbidity was measured as maximum turbidity, including 
rapidly settling particles (for the samples conditioned with either the 
emulsion or the dry polymer). Similar to the TSS measurements, the 
reduction in turbidity was relatively high for both the emulsion and the 
dry polymer (Fig. 2). Both the emulsion and the dry polymer resulted in 
a mean reduction of 95 % for turbidity, while chitosan only reduced 
turbidity on average 44 %. In absolute NTU units, this corresponded to a 
reduction from on average 2100 NTU in the unconditioned sediment to 
final average turbidity of 90 NTU for the emulsion and dry polymer, and 
final average turbidity of 1160 NTU for the chitosan. 

The metal concentrations in the filtrate varied depending on the 
metal and the polymer used in the experiments (Fig. 3), and a subset of 
readily treatable metals was identified (Fig. S1). The treatable subset of 
metals in the study contained Al, As, Ba, Cr, Fe, Hg, Pb, and V with 
apparent treatment effects for the emulsion and dry polymer and 
without pronounced effect for the chitosan polymer. The average 
treatment effect (mean ± std. dev.) in this subset was 93 ± 7 % for the 
emulsion polymer, 92 ± 13 % for the dry polymer, and 19 ± 27 % for 
the chitosan polymer. The non-treatable metal subset in the study con-
tained Cd, Co, Ni, and Zn, for which the studied polymers did not have 
any discernable treatment effect. For Cu, an apparent treatment effect 
with the emulsion and the dry polymer was observed at the study's 
beginning. However, this effect diminished as the study progressed and 
was unnoticeable halfway through the experiments. 

The nitrogen compounds in the sediment slurry were mainly organic 
nitrogen, with the inorganic forms amounting to approximately 30 % of 
the total nitrogen. The primary constituents of the inorganic nitrogen 
were ammonia and ammonium (55–99 %), followed by nitrate (0–27 %) 
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(Fig. S5). Concentration levels of nitrite were quantifiable but below 1 
μg/L. Apart from chitosan, both the dry and emulsion polymer reduced 
total nitrogen filtrate concentrations by an average of 60 ± 17 % for the 
emulsion and 42 ± 30 % for the dry polymer (Fig. 4) compared to 
geotextile filtration alone. There was no noticeable reduction of inor-
ganic nitrogen. Regardless of the initial concentration of nitrogen con-
tent, the usage of either dry or emulsion polymer reduced the 
concentrations down to a residual level of 4 mg/L, indicating a nitrogen 
fraction in the filtrate unamenable to the conditioning process. Phos-
phate compounds amounted to <1 % (<10 μg/L) of the total phospho-
rous concentration. No reduction performance was observed for 
phosphate (Fig. S5). The effect of conditioning on filtrate treatment 
performance for total phosphorus was on average 86 ± 10 % for the 
emulsion polymer and 42 ± 31 % for the dry polymer, irrespective of 
experimental settings. There are no indications that chitosan increased 
the removal of total phosphorus nor total compared to unconditioned 

samples. 

3.4. Impact of polymer preparation on filtrate quality 

A hierarchical linear model including parameters for the polymer 
selection and preparation (Listing S2) was fit to the data. An additional 
reduced model without parameters for the polymer preparation (Listing 
S3) was also fit as inferences for the polymer preparation parameters (β) 
in the first model mainly were centered on a nil effect with a wide span 
for both positive and negative effect (Fig. S13). The models were 
compared using estimates of the expected log pointwise predictive 
density for each model obtained in a leave-one-out cross-validation 
manner (LOO-CV) [32], indicating a slightly higher predictive perfor-
mance (Table S3) for the model without the polymer preparation pa-
rameters. In summary, inferences regarding the polymer preparation for 
the filtrate treatment could not be made due to either too low signal-to- 

Table 2 
Summary of the mean and standard deviations for dosages needed (g/kg) for optimal conditioning of the sediment slurry (evaluated on the turbidity of the clear water 
phase and capillary suction time) for all the experimental factor settings, as well as broken down for the factors analyzed. The final column reports the lowest dosages 
achieved and associated factor setting.  

Polymer Average both factors Water Aging Lowest dosage 

Tap Reclaimed No Yes  Factors 

Emulsion 4.3 ± 2.1 3.6 ± 1.6 5.0 ± 2.5 5.9 ± 1.7 2.7 ± 0.5 2.4 ± 0.0 Tap water, aged 
Dry 3.3 ± 0.8 3.3 ± 0.7 3.3 ± 1.0 3.4 ± 1.1 3.2 ± 0.6 2.8 ± 0.4 Tap water, aged 
Chitosan 4.2 ± 1.3 4.3 ± 0.5 4.1 ± 1.9 4.6 ± 1.4 3.7 ± 1.2 3.4 ± 2.0 Reclaimed water, aged  

95% HDI: [0.78, 1.8]
p.d. (>1): 88%

95% HDI: [0.72, 1.7]
p.d. (>1): 79%

95% HDI: [0.92, 2.4]
p.d. (>1): 97%

95% HDI: [0.60, 1.4]
p.d. (>1): 41%

95% HDI: [0.61, 1.5]
p.d. (>1): 54%

95% HDI: [0.63, 1.6]
p.d. (>1): 63%

95% HDI: [0.69, 2.0]
p.d. (>1): 83%

95% HDI: [0.58, 1.7]
p.d. (>1): 61%

95% HDI: [1.00, 3.5]
p.d. (>1): 99%

Tap water, used directly Reclaimed water, aged 60 mins Reclaimed water, used directly

C
hitosan

D
ry

Em
ulsion

0 1 2 3 0.0 0.5 1.0 1.5 2.0 2.5 0 1 2 3 4 5
Increased dosage

Fig. 1. The increased polymer dosage with regard to how the polymers were prepared. Each subplot depicts the increased dosage of that combination as compared to 
a baseline, which is the manufacturer's instructions (prepared in tap water and aged 60 min), i.e., 1.0 represents equal dosage required. The histograms represent 
parameter draws corresponding to different polymer preparations. The point intervals (at the base of the histogram) represent the highest density interval (HDI), 
presented as median, 66 %, and 95 % HDI of the posterior distribution. The HDI range is presented in the top right of each panel along with the probability of 
direction, i.e., the probability that the effects estimated are larger than one. The dashed line in each panel represents no change in polymer demand, and the solid line 
represents the hierarchical effect of aging (left columns), switching to reclaimed water (center column), and their combination (right column). 
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noise ratio or the non-existence of said effect in the context of how the 
experimental study was laid out. 

Model inferences from the impact of polymer selection were visu-
alized as treatment profiles (Fig. 5), highlighting what pollutants are 
amenable to be retained in the geotextile filter cake and the uncertainty 
regarding both the existence and size of a treatment effect. Notably, 
posterior probabilities of direction (>0) for the subset of treatable 
metals (outlined above) were 1.00 for the emulsion and dry polymers 
and between 0.89 and 0.99 for the chitosan, indicating existence of a 
definitive treatment effect. The treatment effect sizes for this subset are 
similar for the emulsion and the dry polymer but drastically lower and 
with larger uncertainty for chitosan. For example, the 95 % HDI of the Fe 
effect size is from 15.1 to 17.6 for emulsion but from 0.2 to 6.5 for 
chitosan. Another notable difference is the larger uncertainty in effect 
size estimation regarding total nitrogen and phosphorus treatment for 
the dry polymer compared to the emulsion polymer. Here the 95 % HDI 
for the total phosphorus effect size range from 10.3 to 12.6 and from 5.3 
to 13.7 for the emulsion polymer and dry polymer, respectively. For 
both the total phosphorus and nitrogen, the estimates for the effect size 
for chitosan indicate an absence of an actual effect. Regarding the effect 
size for the metals Co, Cu, and Ni, the estimates indicate a definite 
positive effect for the dry polymer (p.d. of 1.00, 1.00, and 0.99 respec-
tively) but relatively small in magnitude (median of 1.0, 2.9, and 1.1) 
compared to the other metals. Regarding chitosan, the estimation un-
certainty of the effect size is too large to infer anything about any 
treatment effect, except for Cd, Co, Ni, and Zn, where the estimates 
strongly indicate the absence of an effect (median close to 0, p.d. close to 
0.5, and narrow 95 % HDI around 0). 

3.5. Solids content in the filter cake 

The difference in TS content in the dewatered sediment between the 
polymers (Fig. 6) was small. Conditioning with emulsion or chitosan 
resulted in a filtration cake with a higher TS content than the dry 
polymer. The mean difference in both cases was 0.1 % point (95 % HDI 
[0.5 %, 1.5 %]). Overall, after conditioning and dewatering for 24 h, the 
mean cake TS content was 16.4 %, resulting in a dewatering effect of 
around 13 percentage points. Furthermore, the dewatering effect was 
larger for the unconditioned sediment used as a control in which the TS 
content was on average 17.5 % after 24 h. Similar results were seen for 
the VS content as well. All three polymers achieved on average 3.8 % VS 
content after conditioning and dewatering, up from 0.8 % in the sedi-
ment. However, for the conditioned samples, the variability in TS and VS 
content was considerably lower than for the unconditioned samples. The 
coefficient of variation for the TS content in the conditioned samples 
was 5.7 %, while it was 17.5 % for the unconditioned samples. 

No difference in filtration cake total metal concentration was 
observed, regardless of conditioning (Fig. S4). However, around one- 
third into the experimental regime, a difference in total metal concen-
trations for Cd, Co, Ni, and Zn was observed between the sediment slurry 
and the conditioned and unconditioned filter cakes. These differences 
indicate that portions of these metals were either associated with smaller 
particulates or in the dissolved fraction and thus, readily flushed out in 
the filtrate. A similar fate was observed for ammonium-nitrogen 
(Fig. S6). In contrast, total phosphorus and total nitrogen are retained 
in the filter cake regardless of conditioning. 

Emulsion Dry Chitosan
TS

S 
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g/
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Fig. 2. Total suspended solids (TSS) and turbidity in the filtrate after geotextile filtration for samples conditioned with the three polymers and unconditioned 
samples. The point shapes and line types indicate experimental factor settings. 
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point shapes and line types indicate the experimental settings. Error bars cover the expanded analysis uncertainty (approximate two standard deviations). 
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4. Discussion 

4.1. Polymer use in stormwater management 

Described utilization of polymers in stormwater management is 
sparse in scientific literature. Examples include promising results with 
polymer-amended infiltration media [33], engineered composite mate-
rials with polymers as a sorbent material for treating heavy metal 
polluted stormwater [34,35], sediment-logs with polymer for treating 
construction run-off [36] and lamella clarification of stormwater with 
polymers [37]. 

More in line with the present study, there are descriptions of the 
engineering challenges in removing sediment from waterways [38] and 
the effects of coagulants and flocculants on floc structure, strength, and 
settling rates in accumulated harbor sediment in potential remediation 
projects [39]. 

4.2. Effects of polymer choice and preparation on dosage and pollutant 
treatment 

In the present study, the determined optimal polymer dosage for 
dewatering the dredged stormwater sediment was 3–4 g/kg solids. 
Typical dosages needed in a stormwater sediment dewatering applica-
tion have previously not been published. Still, the dosages described 
herein relate well to typical dosages needed (0.1–15 g/kg solids, 
depending on dewatering application) for primary municipal waste-
water sludge [40,41] as determined by measurements of specific resis-
tance to filtration and capillary suction time. In polymer technical 
datasheets, the manufacturer recommends, for maximum effectiveness, 
that the polymer should be prepared in high-quality make-up water and 
aged 30 to 60 min. However, fulfilling this may not always be achievable 
in treatment plants, and tap water or treated water is instead substituted 
[42]. Even more so, in the field conditions for a typical stormwater 

dredging operation, it may be challenging to achieve either or both, and 
compromises between the quality of make-up water and aging time are 
often made. Such compromises may include being limited to polymers 
with simplified make-up (e.g., emulsion), eschewing the aging part (i.e., 
on-demand polymer preparation), or using reclaimed water for the 
polymer preparation. Sometimes, all the above compromises are made. 
Using emulsion polymers reduces the need for more complex equip-
ment, as a dosing pump is the only requirement. While this makes 
emulsion polymer preparation quicker and readily usable, they may still 
require similar aging time as dry polymers to reach full activity [43]. Dry 
polymers are typically cheaper but require more complex make-up 
equipment on-site. In this study, one emulsion and one dry polymer 
were tested as well as chitosan. Chitosan is a biopolymer and has been 
investigated in water treatment both as a primary coagulant for waste-
water [44] and stormwater [45]; and as flocculant for municipal sludge 
dewatering [46]. 

4.3. Effects of aging the polymer solution 

Aging the polymer solution has a large effect on the viscosity and 
stability of the polymer solution [47]. Mostly, aging studies have looked 
at the effects on viscosity and settling rates with longer aging times 
[48,49], but a few have looked at shorter aging times, down to 1 h [50] 
with a five-fold decrease in settling rates compared to a 24 h aging time. 
However, this study did not measure settling rates as the conditioned 
sediment was dewatered using geotextile filtration. In this study, the 
polymer demand was lower for the polymers that were aged 60 min 
compared to using them directly. In fact, model inferences indicate that 
eschewing the aging increased the polymer demand by on average 61 %, 
21 % and 30 % for the emulsion, dry and chitosan polymer respectively. 
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Fig. 4. Concentrations of total phosphorus and total nitrogen (row panels) in the geotextile filtrate of the conditioned and unconditioned samples. The point shapes 
and line types indicate the experimental settings. Error bars cover the expanded analysis uncertainty (approximate two standard deviations). 
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4.4. Effects of using tap-water or reclaimed water while preparing the 
polymer solution 

Preparing the polymer in treated or reclaimed water instead of high- 
quality water may hinder the polymer activation process as disruptive 
foreign elements are introduced. Prior studies have shown that ionic 
strength and its interplay in polymer preparation is important in terms of 
viscosity and stability [51,52]. Higher ionic strength has been shown to 
reduce the flocculation activity [53], especially for anionic polymers. 
Increasing concentrations of cations, in particular Fe and Ca, results in 
reduced settling rates for equal polymer dosage [54]. In this study, 
reclaimed water from the stormwater pond was used for half the 
experimental runs in the polymer preparation. There was no indication 
that substituting tap water with reclaimed water had any effect on the 
polymer demand on its own. 

4.5. The interaction effect of aging and preparing the polymer in 
reclaimed water 

When the emulsion polymer was both diluted in reclaimed water and 
aged 60 min, the polymer demand increased more than doing either on 
its own. In fact, the polymer demand more than doubled on average 
(average 118 % increase). This interaction effect was not observed for 

the dry and chitosan polymer. This has a practical implication; as 
emulsion polymers require minimal amount of field equipment and may 
be preferable in pond hydraulic dredging operation in the field. 

4.6. Fate of pollutants in the conditioning experiments 

In the filter cakes, no difference in metal and nutrient concentrations 
was observed whether the sediment was conditioned or not (Figs. S4, 
S6). For the metals Cd, Co, Ni and Zn there were a difference in metal 
concentration between the sediment slurry and the filter cakes (Fig. S4). 
Due to continuous tank stirring to keep the sediment slurry from settling, 
the pH increased over the experimental period. This increase in pH likely 
caused these metals to transition from a particle-bound state to a 
mobilized state and passing through the geotextile filter into the reject 
water. As, Cr, Cu, Hg, Pb and V remained particle-bound and were 
effectively retained in the filter cake. Similarly, ammonium-nitrogen 
was also mobilized during the experimental period (Fig. S6), while 
concentrations representing the total N and total P were effectively 
retained in the filter cake. 

Conditioning the sediment did however have an impact on the 
filtrate quality (Figs. 2, 3, 4), with lower particle, metal and nutrient 
concentrations in the filtrate from the conditioned sediment. This result 
was not affected by how the polymer was prepared. This is shown by the 
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better model fit by excluding the preparation factors. This result may 
have been different if each polymer was dosed at a fixed pre-determined 
optimal dose instead of an optimal dose determined for each experi-
ment. However, this study was designed to use an optimal dose of each 
polymer preparation (determined by filtrate turbidity and capillary 
suction time). 

Further studies will have to elucidate the main mechanism, although 
with the use of a cationic polymer it is likely that several mechanisms are 
at play simultaneously. This includes stoichiometric precipitation of 
organics, charge neutralization of particulates and metal adsorption 
onto active polymer sites as well as enmeshment into larger floc struc-
tures [15]. 

Barium was the only metal analyzed that exhibited a decrease in its 
dissolved concentration over the experimental period (Fig. S3). This 
could be due to the formation of barium sulfate following sulfide 
oxidation in the sediment slurry due to the continuous tank stirring. 

As the filtrate or reject water in a dredging operation is likely 
returned to the stormwater pond, the release of mobilized metals may 
present a higher degree of toxicity than when they were entrained in the 
sediment column [10]. Similarly, the release of mobilized nitrogen and 
phosphorus compounds may lead to eutrophication [55], and have a 
negative impact on downstream receiving waters. Thus, it may be 
beneficial to either control the pH in the conditioning process to prevent 
pollutant mobilization or to apply secondary treatment to the reject 
water [56]. 

Along with the use of chemical agents to achieve coagulation or 
conditioning of sediment laden water, there is always a risk that 
unreacted chemicals, as a result of overdosing, may end up in the treated 
water causing adverse effects [57,58]. Although this risk is lower for 
polymers due to a large span of effective dosing [15]. The use of 
biodegradable polymers, which chitosan is one example of, may be 
considered a safer alternative. However, chitosan performed signifi-
cantly worse than the commercial products in this study. It is likely that 
a different preparation procedure would produce a chitosan polymer 
with different characteristics that would be better suitable for dew-
atering applications. 

5. Conclusions 

The optimum polymer dose to dewater stormwater pond sediment 

ranged from 2.0 to 7.9 g/kg. Letting the polymers age 60 min prior to use 
was beneficial to reduce the polymer demand. The use of reclaimed 
water from the stormwater pond to dilute the polymers had little effect, 
apart from the emulsion polymer when it was also aged. In fact, model 
inferences indicated that eschewing the aging increased the polymer 
demand by on average 61 %, 21 % and 30 % for the emulsion, dry and 
chitosan polymer, respectively. This result may be useful for field op-
erators to calculate if it is more economic to have a more sophisticated 
field polymer make-up system. 

No difference in treatment effect was observed for polymers in the 
way they were prepared at optimal polymer dose. However, differences 
between different polymers were observed. Using polymers reduced the 
concentrations of Al, As, Ba, Cr, Fe, Hg, Pb, V in the filtrate water after 
geotextile filtration, the degree of reduction was much larger for the 
emulsion (93 % on average) and dry (92 %) polymer than the chitosan 
(19 %). The emulsion and dry polymer also reduced total phosphorous 
(40 % and 86 % on average respectively) and total nitrogen (40 % and 
60 %) in the filtrate. The largest proportion of the pollutants in the 
sediment slurry ended up in the filter cake, regardless of whether the 
sediment slurry was conditioned or not. Due to the decreasing pH during 
the experimental period an increasing portion of Cd, Co, Ni and Zn 
ended up in the geotextile filtrate, and was not affected by the condi-
tioning process. 
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