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On the Efficiency of Removing Nutrients and Per- and Polyfluoroalkyl substances from Aquatic
Plants Based on Machine Learning*
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Abstract:  Global concerns over nutrient and per- and polyfluoroalkyl substances (PFAS) pollution are growing, leading to a
demand for more efficient and low-cost remediation strategies. This study explored the remediation of nitrogen, phosphorus, and
multiple PFAS components using aquatic plants as a sustainable alternative to conventional physical and chemical methods. To
overcome the limitations of traditional experimental approaches, we compiled a comprehensive dataset by systematically
retrieving literature from the CNKI, ScienceDirect, and Web of Science databases for the period 2015-2025. The final dataset
included 128 independent experimental records covering pollutant remediation data under diverse experimental conditions, which
supports the generalizability of our findings. We used 14-dimensional input features, including aquatic plant types (submerged,
emergent, and floating plants), planting density, ambient temperature, and initial concentrations of nitrogen, phosphorus, and eight
specific PFAS components (e.g., PFOS, PFOA, and PFBA). Strict quality control protocols were applied to reduce systematic
biases inherent in multi-source literature data. Missing values of secondary environmental parameters were filled using RF-based
imputation, which better retains the nonlinear structure of the original data than simple mean replacement. All numerical features
were standardized with StandardScaler to remove dimensional differences. In addition, one-way analysis of variance (ANOVA)
and effect size (N2) were used to quantitatively assess data heterogeneity. The results showed that planting density and temperature
were the primary sources of statistical heterogeneity, explaining 41.67% and 41.47% of the total variation, respectively (P <

0.001). Four algorithms, namely Multi-objective Random Forest (MTRF), Multilayer Perceptron (MLP), Random Forest (RF),
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and Extreme Gradient Boosting (XGBoost), were applied to comprehensively evaluate the effects of various factors on PFAS
removal rates. R*and Root Mean Square Error (RMSE) were selected as evaluation indicators of model performance. The MTRF
model yielded average R? values of 0.68 for nitrogen removal and 0.72 for PFNA prediction, demonstrating reliable predictive
capacity. Its performance was significantly better than that of the MLP model, which produced negative R* values and failed to
capture complex data patterns. Further mechanism analysis using the SHAP framework indicated that initial phosphorus
concentration positively affected nitrogen absorption. Phosphorus can enhance plant metabolic capacity and thus promote
nitrogen uptake. A threshold inhibition effect was detected for PFAS remediation. High initial pollutant concentrations and
extreme temperatures reduced remediation efficiency by inducing reactive oxygen species (ROS) accumulation, which triggers
oxidative stress and inhibits enzyme activity. Virtual screening identified Vallisneria natans as the dominant remediation species.
Its superior performance is attributed to strong root-to-stem transport capacity and high PFAS bioaccumulation factor. Condition
optimization determined the optimal parameters for Vallisneria natans remediation. The optimal planting density and remediation
time for nutrient removal are 19 plants/m? and 69 days, while those for PFAS removal are 59 plants/m? and 34 days. The machine
learning model established in this study can accurately predict aquatic plant remediation efficiency under complex water
environmental conditions. It also provides a theoretical basis and engineering decision support for the low-cost and systematic
treatment of combined water pollution.
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Tab.1 Comparison of simulation effects of four machine learning models on nitrogen and phosphorus removal rates

AERRE kR
it
R? RMSE R? RMSE
MTRF 0.68(0.12) 7.79(2.38) 0.55(0.16) 9.10(1.33)
MLP -0.17(0.32) 15.01(3.707) -0.27(0.43) 15.49(3.00)
RF 0.65(0.12) 8.23(2.48) 0.56(0.18) 8.92(1.23)
XGBoost 0.62(0.16) 8.37(2.18) 0.52(0.13) 9.66(2.48)
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Tab.2 Comparison of simulation effects of four machine learning models on PFAS removal rates

PFOS %% PFOA % PFBA %[ PFPeA %3 PENA L% PFDA %4 %
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Tab.2 Removing efficiency (P value and 772) of pollutants under different experimental parameters

SES P n?
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(A) (B) (C) (D)
e I 7 I 1512 A . ) I
Fifin 2 e ] i — iy I
#1t4PFDA I FaZE I e I e I
HIEPFOA I WGP A I el ipED A I
HIREPFHpA I IEPFNA I s ey HpEprHp.A I
HREPFN A R 1P DA M— MiproA I
NEPFPeA I VIEPFPe I HlpFHpA I e -
ELT FIEPFOA I EPFOA M EPrNA I
HIAPFOS I HEPFHpA I FHPFNA M- #PFren I
F1E4PFE A I HIEEPFOS Prog oy | #sapros
T P A - HEPFRA I
HEPFHxA I FIGEPFEA N P I
RIS ) I EDNER —— NS .
(T — EOHE m— EOTEE M
L=tk | HIREN EnEE |
0.0 0.5 1.0 1.5 20 25 .0 10 2.0 3.0 4.0
(E) ﬂ'ﬂvcx's? sl.Rp'é'fMﬁa?.‘ E.ZH5AP?J£:UBSSE| (F) 0o m? gHAPlE‘I gﬂsam e vaien 1 (G)  THISHAPE | Mean] SHAP values | (H) 18] SHAPIE | Mean| SHAP values |
P owmmr R O ———
ST I ity sk I - D
el bt I HSEPFDA e—— EAPFDA
AT IR E iR —— PFHpA M
Fht I HIAPFD A I s I— ——
HgaPrDA I FhiEE T I EmET tapr A I
MiEproA I tEproA I PeerrHp I hrad ) I
WEPFHpA I PserENA I ieproA I atprpes I
PN A I pEPFEHpA I HsaprNA I Harros MEE—
YIRPF e I HlEPFPes I tarFres I e I
#Erros HHEPFOS I VIEPFOS I eapr. I
HtprEA I IEPFEA I PP I Y1 PFEx I
WHEPFHxA I HIAPFHxA I HEPFBA I et s I
A . EHE - EMEHE — e ——]
N EnEEn Ll ] famEml
00 02 04 06 08 10 12 00 05 10 15 20 25 35
| SHAP{H | Mean| SHAP values |

oo s.zy,;’.‘ %an‘cg | M;,‘.? SHAE"SQ.M,E‘F oo Rl gﬁma} Wean| shap va\ugs'.u\ S¥15| SHAP{E | Mean| SHAP vz:hfas‘\'ﬁ ¥i
2 JRAREYI 228 PFAS FHIEA B2 HE
(A) PFOS; (B)PFOA; (C)PFBA; (D)PFPeA; (E)PFHxA; (F)PFHpA; (G)PFNA; (H)PFDA
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Figure 3 SHAP Summary Plot for PFAS removal by aquatic plants(A) PFOS; (B) PFOA; (C) PFBA; (D) PFPeA; (E) PFHxA; (F)
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